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Abstract 
Deep venous thrombosis (DVT) remains a major health problem. Although thrombolytic 
therapies are effective in recanalising the veins, restoring blood flow, preventing pulmonary 
embolism and post-thrombotic complications, there is still no consensus on the selection criteria 
for this invasive treatment. Experimental data suggest that thrombus rich in fibrin has better 
response to thrombolysis than red cell rich (acute phase) or collagen rich (chronic) thrombus. 
Thus, there is a need for a diagnostic technique that provides better information on the stage of 
thrombus organization in-vivo and allows identification of thrombus suitable for thrombolysis. 
Current imaging modalities for the diagnosis of DVT do not provide information on the biological 
stage of thrombus organization. Contrast venography is still considered the gold standard for 
the diagnosis of DVT, even though thrombi are not clearly visualized and they are indirectly 
detected due to alterations in blood flow.  
The aim of this thesis was to develop and validate new imaging methodology for the better 
evaluation of DVT using Magnetic Resonance Imaging (MRI). The first aim was to investigate 
the potential of non-contrast enhanced MRI sequences including T1 mapping, T2* mapping, 
Magnetization Transfer Contrast (MTC), and Apparent Diffusion Coefficients (ADC) maps for the 
detection of thrombus in a murine model of deep venous thrombosis. The second aim was to 
investigate the merit of a fibrin and macrophage specific MR contrast agent for the detection of 
DVT. Both fibrin and macrophages play a major role in thrombus organization. The third aim 
was to investigate the merits of the fibrin binding contrast agent for the guidance of 
thrombolysis. We also developed two new non-contrast enhanced venous spin labelling 
approaches in order to obtain venograms without the need of a contrast agent and thereby to 
improve non-invasive DVT diagnosis using MRI. 
In conclusion, this thesis proposes a new imaging methodology for the accurate staging of 
thrombus organization and the successfully detection of thrombus amenable for thrombolysis in 
a murine model of DVT. The translation of this technique into the clinic should have great 
potential to change clinical evaluation and treatment of patients with DVT. 
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Chapter 1 Introduction 
1.1 Deep Vein Thrombosis overview 
Deep venous thrombosis (DVT) and pulmonary embolism (PE) are manifestations of a single 
disease entity, namely, venous thromboembolism (VT). Thrombus is an aggregation of 
platelets, fibrin, coagulation factors and cellular elements of blood attached to the interior wall of 
a vein or artery, causing a total or partial obstruction of blood flow. If venous thrombus forms in 
the deep veins of the leg or arm, it is termed Deep Vein Thrombosis (DVT) (1,2). 
DVT and their most common complication, pulmonary embolism (PE), are major causes of 
morbidity and death. The average annual incidence of venous thromboembolism in Western 
countries is approximately 1–2 per 1,000 person-years. Each year, in the US, two million 
patients suffer from DVT and more than 600,000 develop PE (3,4). 
The pathophysiology of VT involves three interrelated factors (“Virchow’s triad”) (5): damage to 
the vessel wall, slowing down of blood flow and a prothrombotic state. The classic risk factors 
for VT include: age, cancer, major surgery, immobilisation, pregnancy, use of oestrogens and 
thrombophilic abnormalities (antiphospholipid syndrome, deficiencies of antithrombin, protein C, 
protein S and factor V Leiden) (6).  
VT now is recognized as a chronic disease with episodic recurrence. About 30% of patients 
develop recurrence within the next 10 years of its first episode (7). The observed survival after 
VT is significantly worse than the expected survival for age and gender, and survival after PE is 
worse than after DVT alone (8). 
The clinically important problems associated with DVT are: death from PE, morbidity resulting 
from the acute event, recurrent venous thromboembolic events, and post-thrombotic syndrome 
(PTS) (8,9). 
Despite the use of the traditional anticoagulant therapy, re-thrombosis and PTS are still the 
most common chronic sequels after a DVT event (7-9). PTS has a cumulative incidence of 20 to 
50% two years post DVT (10,11). PTS is characterized by persistent limb pain, swelling and 
ulceration (Figure 1.1, (12)). These conditions lead to reduced quality of life and disability. Most 
patients affected are of working age, resulting in a significant social cost (11). The cost of 
managing venous ulcers in the United Kingdom alone was estimated to be £600 million per year 
- 17 - 
(13). The annual expenditure on DVT in the US including the managing of PTS totalled $1.5 
billion, and patients with recurrent DVT or severe PTS doubling the average health care cost for 
DVT (14). 
 
Figure 1.1- Clinical manifestation of post-thrombotic syndrome (PTS) (12) 
 
The pathophysiology of PTS is incompletely understood, but it is thought that the acute 
thrombus itself, associated inflammatory mediators, and the process of thrombus organization 
and vein recanalization induces damage to the venous valves, leading to incompetence (reflux) 
(10,15). Valvular incompetence and persistent venous obstruction cause venous hypertension, 
which leads to oedema, tissue hypoxia, and skin ulceration (Figure 1.2 (16)). 
- 18 - 
 
Figure 1.2- Schematic pathophysiology of the post-thrombotic syndrome (PTS) (16) 
 
It has been hypothesized for many years that rapid thrombus elimination and restoration of 
venous flow may prevent valvular reflux, venous obstruction, and PTS, the so called “open vein 
hypothesis” (17). Recently it has been shown that thrombolytic therapies for DVT recanalize the 
veins more quickly and are associated with less recurrence, preservation of venous valve 
function, and fewer post-thrombotic complications (18-20), however they still have a low 
success rate of venous recanalization. The selection criteria for DVT patients amenable for 
systemic thrombolysis are still under discussion, mainly because of the high complication rate of 
bleeding (21). The introduction of catheter-directed thrombolysis (CDT) is thought to improve 
results and decrease the rate of complications but selection criteria are not well established yet. 
Experimental data suggest that young thrombus rich in fibrin has a better response to 
thrombolysis than old, collagen rich thrombus (22). Thus, there is a need for more objective 
criteria based on thrombus composition rather than morphology or duration of symptoms to 
better identify patients eligible for thrombolytic therapy (19,23,24).  
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1.2 Diagnosis of DVT 
DVT acutely presents with calf pain and swelling that is commonly unilateral. The differential 
diagnosis includes cellulitis, ruptured Baker’s cyst, muscular injury, tumour, popliteal aneurysm, 
Achilles tendon inflammation or rupture, and lymphedema (2,25,26). The clinical diagnosis of 
DVT is challenging, mainly because calf pain and leg swelling are non-specific symptoms. A 
combination of risk stratification, D-dimer testing, and imaging to assess venous flow are 
currently used (27,28). No single marker or modality is, however, able to determine acute 
thrombosis accurately. 
Scoring systems that combine history and clinical examination can help predict the probability of 
DVT. The Wells’ Criteria (28) or similar modified systems are widely used in clinical practice 
(Table 1.1). 
Clinical feature Score 
Active cancer (treatment on-going or within the previous 6 months or palliative) +1 
Paralysis, paresis, or recent plaster immobilization of the lower extremities +1 
Recently bedridden for more than 3 days or major surgery within 4 weeks +1 
Localized tenderness along the distribution of the deep venous system +1 
Entire leg swollen +1 
Calf swelling by more than 3 cm when compared to the asymptomatic leg 
(measured below tibia tuberosity) +1 
Pitting oedema (greater in the symptomatic leg) +1 
Collateral superficial veins (non-varicose) +1 
Alternative diagnosis as likely or greater that that of DVT -2 
  
Additional feature in the Modified Wells Score  
Previously documented DVT +1 
Note: Risk category: low risk < 1point; intermediate risk = 1 or 2 points; high risk > 2 points 
Table 1.1- Clinical model for predicting pre-test probability for DVT (The Well’s Criteria) (27,28) 
 
The D-dimer blood test demonstrates the presence of blood clot degradation products. It has a 
sensitivity of 95.3% and specificity of 44.7% for DVT diagnosis. The negative predictive value is 
high at 97.7%, making it a useful test for ruling out DVT (29). A negative D-dimer blood test and 
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a Wells scores <1 are effective for ruling out DVT without the need for any imaging test. Those 
not excluded, however, require imaging to confirm thrombosis before commencing therapy.  
The currently available imaging techniques for the diagnosis of DVT include: contrast 
venography and non-invasive radiological methods. Contrast venography (also called 
phlebography) is still considered the gold standard for the diagnosis of DVT (30,31). This X-ray 
examination provides an image of the veins after an iodinated contrast agent is injected into a 
dorsal foot vein. Main findings with this technique are filling defect, interruption of contrast in a 
vein and collateral branches. Phlebography relies on the anatomy of the venous system, lacking 
physiological information. Additionally, this technique is also invasive, expensive, exposes the 
patient to a high dose of radiation, and can cause complications related to nephrotoxicity and 
allergic reactions to iodinated contrast agents (32). Additionally, most guidelines suggest 
avoiding the use of iodinated contrast agents in pregnant women, elderly and patients with renal 
dysfunction (33-35), who, paradoxically, are the patients with highest risk of developing DVT (6). 
Venous ultrasonography imaging (with Doppler and compression technique) is most widely 
used due to its high accuracy, relatively low cost and lack of ionizing radiation (30). However, 
this technique is very “operator-dependent”, its application is limited to easily compressible 
venous areas (lower limb for example) and only provides information about vein morphology 
and blood flow velocity (36). With this technique, thrombus is not clearly visualized and it is 
indirectly detected because of the alteration of blood flow.  
Other techniques are occasionally used for the diagnosis of DVT, including impedance 
plethysmography, computed tomography (CT) and magnetic resonance imaging (MRI) (30). 
Therefore, the actual algorithm for DVT diagnosis starts with the Wells score using the risk 
stratification: low, intermediate and high risk. In patients with low risk and negative D-dimer, no 
further analysis would be necessary and DVT is ruled out. For the rest of the patients figure 1.3 
shows the currently used diagnostic algorithm (28), where the “gold standard”, contrast 
venography, is used to confirm the diagnosis of DVT in cases when ultrasonography and the 
pre-test probability are not in agreement. 
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Figure 1.3- Diagnostic approach in outpatients with suspected DVT (28) 
 
1.3 Treatment of DVT 
Once DVT is diagnosed, the goals of treatment are to relief symptoms and to prevent 
embolization and recurrence. Current treatment of DVT commonly begins with anticoagulation 
with heparin followed by oral anticoagulation (9,37). Although this prevents propagation it has 
little effect on thrombus resolution. Recanalization of the occluded vessel is often incomplete, 
leaving vein segments partially or completely occluded; therefore patients remain at increased 
risk of pulmonary embolism, recurrence of DVT, and post-thrombotic syndrome (38).  
Systemic thrombolysis has been investigated to achieve early thrombus resolution, but it was 
associated with unacceptably high rates of serious bleeding complications, such as 
retroperitoneal hematoma and intracranial haemorrhage, while rates of thrombus clearance 
were only relatively modest (21). Catheter directed thrombolysis (CDT) allows a more localized 
delivery of thrombolytic agents. This may be therefore more effective in achieving local 
resolution and restoring venous patency while significantly reducing the risks of bleeding 
complications (13). 
A recent Cochrane review (19) compared thrombolysis with standard anticoagulation across 12 
randomized controlled trials (RCTs) comprising of 700 patients. The majority of these studies 
included only patients treated with systemic thrombolysis. Clot lysis was seen more frequently in 
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the thrombolysis group (relative risk, 4.14; CI95%, 1.22 to 14.01). The incidence of PTS was 
reduced significantly (relative risk, 0.66; CI95%, 0.47 to 0.94), and a 50% reduction of relative 
risk for the formation of lower limb ulcers was demonstrated with an average follow-up of 12 
months. Bleeding complications were significantly higher in the thrombolysis group (relative risk, 
1.73; CI95%, 1.04 to 2.88). The suggestion of this review was that thrombolysis offered 
potential advantages but that indications were not clearly defined. In addition, according to 2 
RCTs comparing CDT with mechanical thrombectomy (39,40), catheter-delivered therapy was 
found to be useful in restoring blood flow and resulting in venous patency in the short and long 
term. In addition, significant improvements in quality of life have also been demonstrated. 
However, defining which group of patients will benefit most from the use of this newer 
technology is one of the major challenges in optimal DVT treatment (40,41).  
The success of venous recanalization, preservation of valve function, and symptom relief may 
depend on the timing of therapy post thrombosis. These factors influence effectiveness of 
intervention and the subsequent incidence of PTS. Freshly formed thrombi respond better to 
thrombolysis than established, organized ones. The time limit after which lysis is ineffective 
remains unknown, and ten (23), fourteen (20) and twenty one days (40,42) from the onset of 
symptoms have been proposed. This interval requires further definition as a result of these 
inconclusive trials to determine the optimal time frame for intervention to prevent valvular 
destruction and venous hypertension, which may increase the likelihood of longer-term sequels. 
The current criteria for the selection of patients for thrombolysis therapy are listed in table 1.2 
while the contraindications are summarized in table 1.3 (13,23). As most studies conclude, the 
inclusion criteria are mainly based on physical examination and patient history, however there 
are currently no objective biological biomarkers that would allow assess the stage of thrombus 
organization at the moment of diagnosis and to predict successful thrombolysis. 
A recent prospective study has evaluated the proportion of DVT patients that match the current 
thrombolysis criteria and are eligible for thrombolysis treatment (24). The results of this study 
showed that only 12 out of 576 patients with DVT (2.1%) admitted to the vascular surgery 
department were eligible for thrombolysis using the classical criteria. This prospective study 
demonstrates that the number of patients who are eligible for thrombolysis is very low and that 
current guidelines may exclude patients that may benefit from thrombolysis. 
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Extensive thrombosis with high risk of pulmonary embolism 
Proximal DVT (ilio-femoral or femoral vein) 
Threatened limb viability 
Underlying predisposing anatomic anomaly 
Good physiological reserve (18-75 years old) 
Life expectancy over 6 months 
Recent onset of symptoms (<14 days) 
Absence of contraindications to thrombolysis 
Table 1.2- Indications for DVT Thrombolysis (13,23) 
 
Bleeding diathesis/thrombocytopenia 
Organ specific bleeding risk (e.g. recent myocardial infarction, 
cerebrovascular accident, gastrointestinal bleed, surgery, or trauma) 
Renal or hepatic failure 
Malignancy (i.e. brain metastases) 
Pregnancy 
Table 1.3- Contraindications for Thrombolysis (13,23) 
 
1.4 Biological aspects of venous thrombosis 
Venous thrombosis organizes and resolves by a process that is similar to the formation of 
granulation tissue in healing wounds (43,44).  
A thrombus initially consists of layers of platelets, leukocytes and fibrin (‘lines of Zahn’) that 
encompass the main red cell mass and subsequently resolves through a process of tissue 
remodelling (44), thought to be regulated by inflammatory cell infiltration (45). 
Unlike in arterial thrombi (white thrombi), in venous thrombosis (red thrombi), red blood cells 
(RBCs) play an important role in the pathophysiology of thrombosis. The cytoplasm of RBCs is 
rich in iron, which when released into the circulation from a lysed RBC is highly inflammatory 
because of its oxidative effects on the endothelium (46). The first cell type in a thrombus is the 
neutrophil (PMN). PMN may cause vein wall injury because of release of inflammatory 
mediators and its role is fundamental in thrombus organization by promoting both fibrinolysis 
and collagenolysis (47,48). PMN accumulation in the subendothelial layer and subsequent 
exposure of collagen causes platelet aggregation and further PMN sequestration, establishing a 
nucleus for thrombus formation. Reactive oxygen species (ROS), released from the vessel wall 
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and leukocytes, oxidize haemoglobin (Hgb(Fe+2)) to methemoglobin (Hgb(Fe+3)). As trapped 
RBCs lyse, Fe+3 contained in methemoglobin is released and induces further RBC lysis. This 
leads to a positive feedback loop with increased areas of endothelial dysfunction, resulting in 
thrombus propagation (48). 
Monocyte influx into the thrombus peaks at day 8 after thrombogenesis. Monocytes are 
probably the most important cells responsible for thrombus resolution as well as for recovery 
and recycling of the toxic free iron released from dead RBCs (49-51). Monocytes play a major 
role in thrombus neovascularization and fibrinolysis, which can lead to partial or full restoration 
of vein blood flow; and finally monocytes are associated with fibrosis of the remaining 
granulation tissue (45,50). 
The recruitment of inflammatory cells (52,53) and the proportion of thrombus formed by red 
cells, fibrin and collagen are important markers of the stage of thrombus organisation (49,54). 
Figure 1.4 shows histological images and a schematic of thrombus composition at different 
stages of evolution and organisation. The formation, growth and degradation of the fibrin matrix, 
the recruitment of macrophages, and the replacement of the fibrin network by collagen rich 
scar-like tissue in the latest stages, are key events in thrombus organisation and resolution (45). 
 
Figure 1.4- Schematic evolution of thrombus organization 
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1.5 Murine model of DVT 
1.5.1 DVT mouse model 
In order to study the dynamics of thrombus organisation and correlate those changes with the 
MRI signal at different time points, we decided to use an in vivo animal model of venous 
thrombosis. 
A number of models of thrombosis ranging from rodents to primates, have been developed to 
study venous thrombosis (44). Although thrombus resolves within weeks in murine models 
(months in man), mice are frequently used in pre-clinical studies because they are relatively 
easy to breed and keep; the histological structure of thrombus is similar to those found in man; 
they offer the possibility of manipulating their genome to aid study of disease; and there are a 
sufficient number of antibodies available for immunohistochemistry to help interrogating biology 
in these models.  
The St Thomas’ mouse model of venous thrombosis is highly reproducible (>95%), has low 
mortality (<1%), and produces thrombi with a similar structure and that resolve in a similar 
manner to those found in man (55). All studies were carried out under the Animals Scientific 
Procedures Act, 1986.  
Thrombus was induced in the inferior vena cava (IVC) of age-matched adult male BALB/C mice 
(22–30 g) using a combination of reduced blood flow with endothelial disturbance. Briefly, mice 
were anaesthetised with isoflurane prior to surgery (5% induction, 3% maintenance, Abbott, 
UK). A midline laparotomy was carried out and the IVC and aorta isolated by retracting the 
bowels to the left, (kept moist in sterile gauze). A gap between the IVC and adjoining aorta was 
created just below the left renal vein using blunt dissection with fine forceps and a dissecting 
microscope at ×10 magnification (Leica, UK) in order to avoid damage to the lumbar veins. A 
silk ligature of 4/0 length (Ethicon, UK) was passed under the IVC just below the left renal vein, 
and a piece of 5-0 polypropylene suture (Ethicon, UK) laid on top of the IVC (Figure 1.5). The 
silk suture was tightened and tied around the IVC and overlaying 5-0 polypropylene. Endothelial 
damage was induced through application of a neurosurgical vascular clip (Braun Medical, UK) 
onto the mobilised section of the IVC for 45 seconds, followed by a rest period of 30 seconds, 
repeated 3 times. The polypropylene suture was removed leaving an ~90% stenosis in the IVC 
that restricted but did not occlude blood flow. Mice were rehydrated by administration of normal 
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saline (0.5ml/25g body weight) into the peritoneum, immediately prior to closure using 4/0 
polydiaxonone (Ethicon, UK). The skin was closed separately using 4/0 polydiaxonone (Ethicon, 
UK). Buprenorphine (2µl/g) was administered subcutaneously for post-operative analgesia. 
Following operation, mice had free access to water and chow (SDS, Essex, UK) and subjected 
to cycles of 12 hours of daylight followed by 12 hours of darkness. 
Surgeries were carried out in collaboration with Dr. Prakash Saha from the Academic 
Department of Surgery at King’s College London. 
 
Figure 1.5- Venous thrombosis procedure in the inferior cava vein (IVC) of BALB/C mice. Thrombus 
formation procedure involved flow disruption and mechanical endothelial damage. 
 
1.5.2 Histology and ICP analysis of venous thrombi 
In order to correlate the MR imaging findings with the organisation stage of venous thrombus, 
all thrombi where analysed in order to estimate their main cell and macromolecule composition: 
red blood cells, macrophages, fibrin, collagen and iron. Gadolinium concentration was also 
measured to estimate the local concentration of the fibrin binding Gd-based contrast agent used 
in this study. Classical histology and immunohistochemistry was performed for fibrin and 
macrophage visualisation and quantification. Inductively coupled mass spectroscopy (ICP-MS) 
was used for visualisation and quantification of gadolinium and iron concentration using the 
different protocols. 
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1.6 Preclinical MRI using a Clinical 3T scan 
All Magnetic Resonance Imaging studies were performed using a clinical 3 Tesla Philips 
Achieva Gyroscan MR scanner (Philips Healthcare, Best, The Netherlands). The rationale for 
use of a clinical scanner instead of a pre-clinical high field system was to facilitate translation of 
the results into clinical practice. Additionally, gadolinium based contrast agent have lower r1 
relaxivities at higher field strengths potentially lowering the MR signal and making clinical 
interpretation of the imaging findings more difficult. In order to maximize the MR signal without 
compromising the field of view and penetration depth, all the images were acquired using a 
dedicated 47 mm small animal surface coil (Figure 1.6). 
 
Figure 1.6- Single loop, 47 mm, small animal surface coil 
 
Mice were anesthetized with 1.5-2% isofluorane and 100% oxygen delivered through a nose 
cone and scanned in prone position. Mice were monitored using a small animal physiological 
monitoring system (SA Instruments Inc., Stony Brook, NY) and a MRI compatible video camera 
system (Philips Healthcare, Best, The Netherlands) (Figure 1.7). 
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Figure 1.7- Set-up of 3T scanner for pre-clinical applications 
 
The basic MRI protocol included:  
• Scout Image: To quickly identify the mouse anatomy an initial survey scan was 
acquired. Scout imaging was performed by acquiring low-resolution, multi-planar 
images with a multi-slice, segmented, fast gradient echo (GRE) pulse sequence. The 
field of view (FOV) of the scout images was chosen to encompass the full dimensions of 
the mouse body. Standard survey pulse sequences are readily available on all clinical 
MR scanners and only require minor modifications for murine scanning (Figure 1.8). 
• Angiography: a Time-of-Flight (TOF) sequence was used to identify the inferior cava 
vein (IVC) and the abdominal aorta. The renal vein and union of the two common iliac 
veins were used as a main reference for all subsequent scans. The imaging parameters 
included: TE/TR=6.9/30.8, flip angle=60°, a 20x33 mm2 FOV, multi-slice acquisition with 
80 slices, a slice thickness of 0.5 mm, gradient-echo spoiled acquisition, and a 112x110 
acquired image matrix resulting in a 0.3x0.3x0.5 mm3 acquired voxel size and a 
0.13x0.13 x0.5 mm3 reconstructed voxel size (Figure 1.9). 
• Flow sequence: The average velocity of blood was measured across the thrombus in 
order to confirm the presence of a thrombus and to measure the changes in 
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recanalization over time. A phase contrast sequence was used with the following 
imaging parameters: spatial resolution=100x100 µm, slice thickness=2 mm, TR/TE= 
17.5/7.2 ms, flip angle=30°, number of averages=6 and VENC=50 cm/s (Figure 1.10). 
 
Figure 1.8- Coronal mouse scout images for planning. K: Kidneys, L: Lungs, H: Heart, S: Spine. 
 
Figure 1.9- Time of Flight reconstruction of inferior cava vein (IVC) (blue) and abdominal aorta (red) in a 
control (a) and in a mouse with a venous thrombus in the IVC (b). Lines show the area of interest between 
the renal veins until the union of the two common iliac veins.  
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Figure 1.10- Phase contrast MR images in a normal mouse (a) and mouse with a venous thrombus in the 
IVC (b) showing a flow defect due to the intravascular thrombus. (Ao: Aorta, IVC: Inferior cava vein, Th: 
Thrombus). 
 
1.7 Hypothesis and aims 
We hypothesize that the detection of fibrin deposition, macrophage infiltration and the 
composition of thrombus, mainly red blood cells (RBC) and collagen content, serve as a 
surrogate marker of thrombus organisation in-vivo.  
One of the main advantages of MRI over other diagnostic imaging modalities is its excellent soft 
tissue contrast and the relatively high spatial resolution of molecular MR images. MR pulse 
sequences can be designed to emphasize different tissue properties. The most commonly used 
MR contrasts in clinical routine include: proton density (PD), spin-lattice relaxation time (T1 
relaxation time) and spin-spin relaxation time (T2 relaxation time) weighting that facilitate 
differentiation between normal tissues and pathology. However there are other intrinsic 
contrasts that are less often used in clinical routine but could help improving the diagnosis of 
DVT: these include T2* mapping, Magnetization Transfer Contrast (MTC) and Apparent 
Diffusion Coefficient (ADC).  
In this work we propose to analyse the changes in the MRI signal throughout the different 
stages of thrombus organisation by using T2* mapping as a surrogate marker of the thrombus 
iron content and indirectly the RBC content, T1 mapping as a surrogate marker of 
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methemoglobin concentration (a paramagnetic sub-product of the haemoglobin oxidative 
process). The collagen content in thrombus will be estimated using a Magnetization Transfer 
Contrast (MTC); and the Apparent Diffusion Coefficient (ADC) images will be used as a 
surrogate marker of thrombus permeability. 
Additionally we sought to study the uptake of two molecular MRI contrasts: one gadolinium-
based contrast agent that specifically binds to fibrin, EP-2104R (EPIX Pharmaceuticals, 
Lexington, MA) (56-58) and a citrate-coated very small iron oxide super-paramagnetic 
nanoparticle, VSOP (59,60) as marker of macrophage infiltration. We investigated these agents 
throughout the different stages of thrombus organisation in a murine model of deep venous 
thrombosis. 
We hypothesise that this non-invasive method could provide novel information about the stage 
of thrombus organisation at the moment of diagnosis and could provide important biological 
information to better identify thrombus with a higher likelihood of successful lysis after 
thrombolytic treatment. 
In order to develop a complete MRI protocol for the evaluation of a patient with suspected VT 
we also sought to develop and implement two novel MR angiography techniques, based on 
either arterial spin labelling (ASL) (61) or T2 blood contrast, to obtain angiograms and 
venograms without the need of a potentially nephrotoxic MR contrast agent. The proposed ASL 
sequence is flow-dependant but does not require two acquisitions nor image subtraction (62). In 
order to take into account the slow venous blood flow, we maximized the labelling delay (time 
delay between blood labelling and image acquisition). The labelling delay was fitted in 2 or 3 
heartbeats to allow the labelled venous blood to reach the area of interest and, at the same 
time, providing excellent background suppression (63). The second approach is a flow 
independent sequence which takes advantage of the differences in T2 relaxation time of arterial 
and venous blood using a spatially non-selective T2 preparation prepulse (T2prep) (64). The 
technique is based on the acquisition and subtraction of two 3D steady-state free precession 
(SSFP) data sets; one obtained with and one without a spatially non-selective T2prep (65). This 
allows for nulling of signal of arterial blood and surrounding tissue while maintaining the signal 
of venous blood in the subtracted image. 
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In conclusion I propose a new MRI protocol for the evaluation of patients with suspected VT that 
provides in-vivo information on the stage of thrombus organization in order to better guide 
medical treatment decisions. 
Hypothesis 
The non-invasive estimation of the fibrin and macrophage content in venous thrombosis by MRI 
can improve the diagnosis of VT and provide accurate information on the stage of thrombus 
organization in-vivo. 
Aims 
1. To investigate the relationship between T2* and T1 mapping, MTC and ADC MR 
sequences and venous thrombus composition in vivo. 
2. To investigate the merits of both a macrophage and fibrin-specific MR contrast agent to 
estimate the fibrin and macrophage content in venous thrombus in-vivo and to correlate 
MR findings to histological analysis. 
3. To investigate the best combination of MRI sequences which allow identification of 
venous thrombus amenable for thrombolysis. 
4. To develop a novel non-contrast MR angiography technique that avoids the risks of MR 
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Chapter 2 Venous thrombus characterization using MRI 
without the use of contrast agents 
2.1 Aims and objectives 
Patients with the highest risk of developing DVT include those after major surgery, undergoing 
oncological treatment, elderly, and pregnant women. In most of these patients the use of 
intravenous contrast agents is not recommended because of the high risk of renal failure or the 
high probability that the contrast agent can cross the placenta (33-35). These adverse events 
are therefore an important incentive to develop a new imaging methodology to visualize and 
characterise venous thrombi without the need of a contrast agent.  
One of the main advantages of Magnetic Resonance Imaging (MRI) over other diagnostic 
imaging modalities is the excellent soft tissue contrast. MR pulse sequences can be designed to 
emphasize different tissue properties. The most common contrasts used in clinical scans 
include proton density (PD), spin-lattice relaxation time (T1) and spin-spin relaxation time (T2) 
to differentiate between normal and pathological tissues. However there are other intrinsic 
contrasts that are less often used in clinical scans but could improve the diagnosis of DVT. 
These contrasts include the T2* relaxation time, Magnetization Transfer Contrast (MTC) and 
Apparent Diffusion Coefficient (ADC) among others. 
As it was discussed in the Chapter 1, thrombus organization follows well-known steps starting 
from its formation until its organisation through continuous dynamic changes in its composition 
where red blood cells, fibrin, and collagen constitute the principal components (Figure 1.4). 
Early thrombus consists of layers of platelets, leukocytes and fibrin (‘lines of Zahn’) that 
encompass the main red cell mass, which accounts for almost 85% of the thrombus volume in 
the earliest stage (66). The cytoplasm of RBCs is rich in iron. During thrombus organization, red 
cells are lysed and iron is subsequently released. The released iron is highly inflammatory 
because of its oxidative effects on the endothelium (46). Reactive oxygen species (ROS) 
released from the vessel wall and leukocytes, oxidize haemoglobin (Hgb(Fe+2)) to 
methemoglobin (Hgb(Fe+3)) (67). Free methemoglobin (Hgb(Fe+3)) induces further RBC lysis 
that lead to an inflammatory cascade resulting in thrombus propagation (48). 
- 34 - 
One of the main purposes of thrombus formation is to isolate the toxic iron released from RBCs 
(68) and the cross-linked fibrin matrix plays a major role in accomplishing this task during this 
early inflammatory response. This early inflammatory response also provides a time window for 
removal of iron by leukocytes, in particular mononuclear phagocytes that accumulate within the 
thrombus during its resolution (43,48,52). In later thrombus resolution stages, the fibrin matrix is 
replaced by granulation tissue, which in the latest stage is replaced by a collagen matrix, with 
no to little fibrin and red blood cells (48,53). 
We hypothesize that non-contrast enhanced MRI would allow characterization of the dynamic 
transformation of thrombus and thus to biologically characterize thrombus at the moment of 
diagnosis.  
The non-invasive estimation of the total iron content in thrombus could be used as a surrogate 
marker of the red blood cell content in the thrombus, and thus could provide a good indication of 
the stage of thrombus organisation. This thus may allow differentiation between a RBC rich 
early thrombus and an old RBC devoid thrombus. 
The gradient echo sequence is particularly sensitive to magnetic field inhomogeneities 
generated by e.g. iron, and has been successfully used in many clinical applications to obtain 
T2* maps to estimate the iron content of a specific tissue (69-72). Here we propose to use the 
T2* mapping protocol to estimate the iron content in venous thrombus and to correlate imaging 
findings with histological analysis and inductively coupled mass spectroscopy (ICP-MS) total 
iron measurements. 
The heme iron undergoes changes in its molecular structure during thrombus evolution. It has 
been speculated that the formation of methemoglobin (Hgb(Fe+3)) is responsible for the hyper-
intense signal observed in T1-weighted images acquired during the evolution of intracranial 
haemorrhage (73) and venous thrombosis (74). 
The heme iron in oxyhemoglobin (Hgb(Fe+2)) is diamagnetic, with no unpaired electrons and is 
thus not detectable with MRI. When the haemoglobin is removed from the high oxygen 
environment, the heme iron undergoes oxidative denaturation to a ferric state (Fe+3), forming 
Methemoglobin (Hgb(Fe+3)). Methemoglobin has five unpaired electrons and the ultrastructure 
of heme allows binding to water molecules that result in a shortening T1 time effect (67,73). 
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Finally most of the iron is taken up by macrophages and stored as hemosiderin, which does not 
show any significant T1-shortening effect as it its water-insoluble (68,75). 
In this work we analysed the thrombus T1 relaxation time during thrombus organization and 
correlated the imaging findings with the total iron and methemoglobin (Hgb(Fe+3)) concentration 
by ICP-MS and with histological analysis at different stages of thrombus organization. For this 
purpose we used a T1 mapping sequence for accurate estimation of the T1 relaxation time of 
the thrombus at different time points of thrombus organization (76). 
Magnetization Transfer Contrast (MTC) takes advantage of the different macromolecular 
composition of tissues in order to create contrast (77-79). MTC is based on a saturation 
exchange between the bound protons of macromolecules and free water protons when the two 
pools are coupled by dipolar interactions and/or through chemical exchange (80,81). The two 
most important macromolecules of thrombus are fibrin and collagen, which have different 
sensitivities for magnetization transfer pulses that result in different MR contrast (81). In this 
work we optimized the MTC sequence in order to estimate the collagen content of venous 
thrombi in-vivo, and to differentiate between young and old thrombus. 
2.2 Materials and Methods 
2.2.1 DVT mouse model 
Venous thrombosis was induced in the inferior vena cava (IVC) of 8-10 weeks old male BALB/C 
mice as described in section 1.5.1. MRI was performed at day 2, 4, 7, 10, 14, 21 and 28 
following thrombus induction. Fourteen mice were scanned at each time point. 6 mice at each 
time point were used for histological analysis, and the remaining 8 mice where either used for 
ICP-MS measurement of the total thrombus iron content (4 mice) or measurement of Fe+3 
concentration (4 mice) (figure 2.1). 
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Figure 2.1- Study design. Fourteen mice were scanned at each time point (day 2, 4, 7, 10, 14, 21 and 28) 
after IVC thrombosis induction. At each time point, 6 mice were used to correlate MRI findings with 
histology. Another 8 mice were used to measure the total iron (4 mice) and Fe3+ concentration (4 mice). 
 
2.2.2 Histology and ICP analysis 
All thrombi were harvested immediately after the MR imaging session. Abdominal laparotomy 
was performed to allow visualization of the whole abdominal IVC and to measure the distance 
from the renal branches until the union of the two common iliac veins. The IVC was harvested 
en-bloc, including the thrombus and the IVC extending from the renal branches down to the 
union of the two iliac veins. The harvested IVC was then pinned onto cork mats and stretched to 
the same length as measured in-situ prior to harvest.  
For histology analysis, thrombi were stored in 10% formalin for 24 hours before being 
embedded in wax. Paraffin sections (5 µm) of the entire IVC were taken at 500 µm intervals to 
allow comparison with the corresponding MRI slices. Sections were stained with haematoxylin 
and eosin (H&E) for anatomical detail; with Martius Scarlet Blue (MSB) trichrome stain for RBC, 
fibrin and collage visualization and quantification (82); with Immunohistochemistry for fibrin and 
macrophages; and with Perls’ Prussian Blue for iron deposition visualization.  
Inductively coupled mass spectroscopy (ICP-MS) (PE 200 LC system linked to PerkinElmer 
Sciex Elan 6100 DRC, PerkinElmer, Boston, US) was performed on a subset of thrombus 
samples for total iron concentration quantification. Thrombus was digested in 70% nitric acid at 
37°C overnight followed by dilution with deionized water for ICP-MS analysis. A standard curve 
was run with each sample set for Fe concentration determination. 
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A commercially available method was modified to obtain quantification of Fe3+ content within the 
thrombus. The Quantichrom Iron Assay Kit (BioAssay Systems, CA, US) uses a chromogen that 
specifically forms a blue coloured complex with Fe2+. Other reagents in this kit reduce any Fe3+ 
within a sample to Fe2+, allowing the assessment of total iron concentration. By subtracting Fe2+ 
content of the thrombus from the total iron content, it was possible to calculate the amount of 
Fe3+ within processed thrombi (83).  
2.2.3 Image Analysis 
Digital images of stained histology sections were captured using a light microscope (Leitz, 
Leica, UK) and a microscope-mounted camera (EXi Blue, QImaging). The images were 
analysed using the image analysis software ImageJ (National Institutes of Health, Bethesda, 
MD, USA) and the colour-threshold tool was used to estimate the percentage of fibrin, collagen, 
iron, macrophages and red blood cell content in the intravascular region of the IVC in each 
stained histological slice. 
2.2.4 MRI Protocol 
All Magnetic Resonance images were obtained using a clinical 3T Philips Achieva Gyroscan 
MR scanner (Philips Healthcare, Best, The Netherlands). As was described in section 1.6, mice 
were anesthetized with 1.5–2.0% isofluorane and 100% oxygen delivered through a nose cone 
and scanned in prone position using a dedicated 47 mm small animal surface coil. Mice were 
monitored using a small animal physiological monitoring system and a MRI compatible video 
camera system. The basic sequences used included: Scout image, abdominal TOF for cava 
vein and aorta identification and a phase contrast quantitative flow sequence for measurement 
of IVC flow was used as previously described in section 1.6. Specific sequence parameters of 
each imaging protocol will be described in the corresponding sections. 
2.2.5 Statistical Analysis 
Continuous data are expressed as mean ± 1 SD. Data were compared using a one-way ANOVA 
test or paired t-test as needed. Measures of agreement between MRI and histology findings 
were calculated using linear regression analysis and Bland-Altman plots. All statistical analysis 
was done using SPSS Statistics software package release 19.0 (IBM Corporation, Somers, NY, 
USA). A P-value of <0.05 was considered statistically significant. 
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2.3 Thrombus volume and IVC flow during venous thrombus 
organisation 
2.3.1 Introduction 
In order to detect the presence of venous thrombus in-vivo we first performed a Time-of-Flight 
(TOF) sequence to identify the inferior vena cava (IVC) and the abdominal aorta. The 
observation of a flow defect in the IVC was used as an indication of the presence of a venous 
thrombus. Additionally a phase contrast sequence was used to measure blood flow in a cross 
section of the IVC and to measure the changes in recanalization over time. The parameters 
used in both sequence are described in Section 1.6. 
2.3.2 Results 
Filling defects in the IVC were successfully visualized in all mice. During thrombus organisation 
and resolution the filling defect declined over time as shown in Figure 2.2.  
 
Figure 2.2- TOF images demonstrate the presence of thrombus in the murine inferior vena cava, which 
recanalises over 21 days. 
 
The volume of the filling defect was estimated using the TOF images and significantly reduced 
with time (P<0.001, One-way ANOVA, Figure 2.3). At day 1 thrombus was larger than at any 
other day (P<0.001, Bonferroni post-hoc test). There was no significant difference between the 
thrombus volume at day 4 and 7, however after day 7, thrombus was significantly smaller at day 
10, 14, 21 and 28 compared to day 4 (Bonferroni post-hoc test).  
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Figure 2.3- Average thrombus volume (mm3) at different time points during thrombus organisation. One-
way ANOVA analysis with Bonferroni post-hoc test (*=P<0.05, &=P<0.01, §=P<0.001, ns: non significant) 
 
In normal mice the average blood flow across the IVC measured using Phase-Contrast MRI 
was 0.55 ± 0.05 ml/min (Figure 2.4). Between day 1 and 28 after thrombus induction there was 
an increase in blood flow detected in the IVC (P<0.01, One-way ANOVA). In agreement with 
variable thrombus size during thrombus organization, there was high variability in IVC blood 
flow during thrombus organization. No IVC flow was detected in the early stages of thrombus 
evolution. No significant differences were found in IVC blood flow between Day 2 and Day 7. 
From day 10 on a significant increase in IVC blood flow was detected (Bonferroni post-hoc test). 
Strong and significant correlation was found between the average IVC blood flow and the 
thrombus volume at different time points during thrombus organisation (Figure 2.5, R2=0.938, 
P<0.005). 
- 40 - 
 
Figure 2.4- IVC blood flow (ml/min) in normal mice and at different time points during thrombus 




Figure 2.5- Relationship between the average IVC blood flow (ml/min) and average thrombus volume 
(mm3) at different time points during thrombus organisation (R2=0.938, P<0.005) 
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2.4 T2* mapping 
2.4.1 Introduction 
The use of MRI for estimation of iron concentration in tissues has been first described in the 
early 1980s (84). The presence of objects with different susceptibilities induces local magnetic 
field distortions that are detected in MRI through the inherent negative contrast due to local spin 
dephasing (71,85). The intracellular iron of trapped RBCs in venous thrombus is a big source of 
magnetic field inhomogeneities that can be detected using a Gradient Echo acquisition. The 
magnitude of the transverse magnetization Mxy in the Gradient Echo acquisition decays 
according to the following equation: 
     Eq. 2.1 
Where T2* (T2 star) is related with the T2 value by the following equation: 
      Eq. 2.2 
Where T2 is the spin-spin relaxation time and T2’ is inversely proportional to the magnetic field 
inhomogeneity ΔB in each imaging voxel, i.e.: 
      Eq. 2.3 
Because of the T2* dependence, Gradient Echo images are much more prone to signal loss 
than the spin echo sequence in regions with magnetic field inhomogeneity. However this 
susceptibility effect can be used to estimate iron concentration in tissues because of the local 
magnetic field disturbances generate by iron. The reciprocal of T2* (R2*=1/T2*) is directly 
proportional to the iron concentration (71) and has been successfully used in clinical scans to 
estimate the cardiac and liver iron content in patients with transfusional siderosis (69-72). 
Because red cells are the most abundant cells in young thrombus, and the removal of free iron 
is a critical event during thrombus organization, we hypothesized that the accurate 
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measurement of the thrombus’ T2* value could provide information about the thrombus 
organization stage in-vivo. 
2.4.2 Materials and Methods 
MRI Protocol 
A 3D T2* multi-echo gradient echo sequence was implement on a 3T Philips Achieva Gyroscan 
MR scanner (Philips Healthcare, Best, The Netherlands) (Figure 2.6). Because of the lack of the 
refocusing 180° pulse (like in the spin-echo sequence) the decay of the signal is given by the 
T2* time, as was shown in equation 2.1. T2* multi-echo gradient echo imaging parameters 
included: acquired spatial resolution 200x200 µm, slice thickness of 500 µm, TR=354 ms, and 
flip angle=35°. Six images at different echo times were acquired starting at TE=4.6 ms and with 
an echo spacing of 6.9 ms. 
Figure 2.6- T2* multi-echo gradient echo sequence for T2* mapping 
 
T2* maps from 30 slices were obtained using a custom-made software written in Matlab 
(Mathworks, Natick, MA, USA) which fits pixel-by-pixel the T2* equation decay (Eq. 2.1) and 
finds the average T2* value in a region of interest. Figure 2.7 shows the user interface of the 
T2* mapping Matlab tool. 
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Figure 2.7- Pixel-by-Pixel T2* time quantification using a custom-made software in Matlab. Darker pixels 
represent shorter T2* values. (a) shows the T2* quantification in a ROI with short T2* (faster decay of the 
signal); (b) shows the T2* quantification in a ROI with long T2* 
 
Histology and ICP analysis 
The total iron content in the thrombus was analysed using ICP-MS as described in section 
2.2.2. MSB stain was used to identify red blood cells and Perls’ Blue stain was used to identify 
iron deposition in the thrombus (section 2.2.2). In the MSB slices, red blood cells appear yellow 
and on the Perls’ stain, hemosiderin deposition appears blue. 
2.4.3 Results 
Fourteen mice at each time point (day 2, 4, 7, 10, 14, 21 and 28) where successfully scanned 
with the T2* multi-echo gradient echo acquisition and T2* maps were obtained with the Matlab 
software. 
The average thrombus T2* time increased with thrombus organization (Figure 2.8a). Younger 
thrombus (Day 2 and 4) showed shorter T2* time than older thrombus (P<0.01, One-way 
ANOVA). The reciprocal of the T2* relaxation time, R2* [Hz], shows the inverse trend with a 
monotonically decreasing R2* value during thrombus organisation (Figure 2.8b).  
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Figure 2.8- Average (a) T2* and (b) R2* times at different time points during venous thrombus organization 
 
The total iron content in the thrombus measured by ICP-MS decreased during thrombus 
organisation (Figure 2.9a), which is in concordance with the hypothesis that the main purpose of 
fibrin matrix formation is to isolate the toxic iron released from RBCs and to provide sufficient 
time for removal of iron by mononuclear phagocytes that accumulate within the thrombus during 
its resolution (68). The total iron content in thrombus [µg] showed a strong correlation with the 
average thrombus R2* value [Hz] (R2=0.852, P<0.01, Figure 2.9b), and a significant correlation 
between total iron content [µg] and average R2* [Hz] at different time points of thrombus 
organisation was also found (R2=0.843, P<0.01, Figure 2.9c). 
 
Figure 2.9- (a) Total thrombus iron content [µg] measured by ICP-MS during venous thrombus 
organization. (b) Relation between thrombus total iron content [µg] and the corresponding thrombus R2* 
[Hz]. (c) An almost linear relationship between the total iron content [µg] and the average R2* at different 
time points during thrombus organization was observed. 
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Figure 2.10 shows a representative Perls’ and MSB stained histological slice at different time 
points of thrombus organisation and the corresponding T2* map. Red blood cells (RBCs) 
appeared brown-yellow on MSB stained slices. At day 2 after thrombus induction almost 90% of 
the transversal surface of the thrombus was covered by RBCs. At day 4 it was possible to 
visualize the fibrin matrix in the thrombus periphery and still a large amount of RBCs. At day 10, 
thrombus consisted primarily of a tight fibrin matrix with some early signs of collagen deposition 
(blue stain on MSB) and some residual RBCs. At Day 21 and 28, thrombus was mainly 
composed of a collagen matrix. 
No positive Perls’ staining was observed in the earliest stages (day 2, 4 and 7) after thrombus 
induction. An increase in positive Perls’ staining (blue stain) was observed from day 10 until 28, 
reaching a maximum cross-sectional thrombus area of approximately 40% at day 28 (Figure 
2.10). 
Figure 2.11 shows the quantification of the percentage of thrombus volume covered by RBCs 
and iron at different time points of the thrombus organization. At the earlier stages the RBCs are 
the primary cells within the thrombus while hemosiderin deposition is a late event of thrombus 
organization and only becomes significant starting at day 14 after thrombus induction. 
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Figure 2.10- Perls’ stain for iron deposition (hemosiderin) quantification (blue staining); MSB for Red Blood 
Cell (RBC) quantification (yellow staining) and T2* mapping of venous thrombus at different time points 
during thrombus organisation. 
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Figure 2.11- % of Perls’ (a) and Red Blood Cell (b) stain of venous thrombus at different time points during 
thrombus organisation 
 
The total thrombus iron content in [µg] was found to be very well correlated with the RBC 
content of venous thrombus (Figure 2.12a, R2=0.90, P<0.001), which is in concordance with the 
hypothesis that the main source of iron in thrombus are fresh RBCs trapped in the young 
thrombus. In contrast we found an inverse relation between total thrombus iron and the 
hemosiderin stain (Figure 2.12b). This relation does not have any biological significance, and 
demonstrates that there is no temporal relationship between the total amount of thrombus iron 
and the hemosiderin deposition. Hemosiderin deposition is a late event during thrombus 
organization and occurred in the latest stage when most of the RBCs cells have been cleared 
from the thrombus. 
The highest R2* (lowest T2*) values were observed in the earliest stages of thrombus 
organisation, when RBCs are the most abundant cells in the thrombus, resulting in a very strong 
correlation between RBC content and R2* at different time points of thrombus organisation 
(R2=0.96, P<0.001, Figure 2.13a). The hemosiderin content has an inverse relation with the R2* 
values, similar to the previous relation with the total iron [µg] content of the thrombus. This 
negative relation demonstrates that there is no temporal relationship between the thrombus R2* 
value and the hemosiderin concentration. 
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Figure 2.12- Total iron content in [ug] measured by ICP-MS and its relation with the % of Perls’ (a) and 
Red Blood Cell (b) stain of venous thrombus at different time points during thrombus organisation 
 
 
Figure 2.13- Thrombus Average R2* value [Hz] and its relation with the % of Perls’ (a) and Red Blood Cell 
(b) stain of venous thrombus at different time points during thrombus organisation 
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2.4.4 Conclusion and Discussion 
Red blood cells (RBCs) play an important role in the physiopathology of venous thrombosis. 
The cytoplasm of RBCs is rich in iron, which when released from a lysed RBC is highly 
inflammatory because of its oxidative effects on the endothelium (46). As trapped RBCs lyse, 
the iron contained in the cytoplasm is released and induces further RBC lysis. This leads to a 
positive feedback loop with increased areas of endothelial dysfunction, resulting in thrombus 
propagation (48). The isolation of this inflammatory injury would be one of the most important 
objectives of the thrombus formation. 
R2* mapping has shown a good correlation with the total iron and red blood cell content in the 
thrombus, and therefore could be a useful technique to differentiate between young thrombus 
(rich in RBCs) from old thrombus (rich in collagen but with lower RBC content).  
Additionally, it has been shown that the fibrin matrix in venous thrombi that are rich in red cells 
has a lytic resistance to classic thrombolytic treatments (66,86). Similarly, old thrombus with few 
RBCs but high collagen content was shown not to be amenable for thrombolysis. Therefore, 
R2* maps could be a useful tool to identify thrombus amenable for thrombolysis. 
 
2.5 Magnetization Transfer Contrast (MTC)  
2.5.1 Introduction 
In biological systems, hydrogen nuclei or protons (1H) can be grouped into two pools. The first 
one is called the free pool. This pool consists of relatively mobile protons that have similar 
precession frequency, which is reflected by its narrow spectral line (10-100 Hz) resulting in a 
long T2 transverse relaxation time. Furthermore, the free pool is “visible” to MRI (Figure 2.14a-
b). The second pool is called the bound pool, and it includes the restricted protons that are 
bound to proteins, large macromolecules and cellular membranes. These protons have a very 
heterogeneous behaviour, which is reflected by their broad spectral line (10-50 kHz) resulting in 
a very short T2 relaxation time (<0.1 ms). These protons are not “visible” with conventional MRI 
sequences (Figure 2.14a-b) (77,78,80,87). 
Under normal conditions, the magnetization is exchanged between the free pool and the bound-
pool, reaching an equilibrium state, which is specific for each tissue. Using a Radio-Frequency 
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(RF) pulse it is possible to selectively saturate the signal of each pool and then to estimate the 
relative amount of free and bound protons in a specific tissue. If one selectively nulled the signal 
of the bound pool (Figure 2.14c), theoretically the signal of the free-pool should not be affected. 
However it has been observed that there is a decrease in the free pool signal, and this effect 
was attributed to the magnetization transfer from the bound proton pool to the free pool (87). 
Currently there exist two MR methods to selectively saturate the “bound pool” (20,21). The first 
method employs the differences in widths of the resonance lines (Figure 2.14a). Frequency 
selective RF pulses are transmitted at a frequency-offset Δf with respect to the central proton 
Larmor frequency. Using these off-resonance pulses it is possible to substantially saturate the 
broad resonance of the “bound pool” while hardly affecting the “free pool”. The “off-resonance” 
RF pulse will not only saturate the spins with the specific off-resonance frequency but due to 
spin diffusion all macromolecule protons will be affected.  
The second method employs the differences in T2 relaxation time between both pools. Binomial 
RF pulses with a resultant zero degree pulse angle are transmitted on-resonance. The most 
often used pulse is a 90°x 90°-x 90°-x 90°x pulse, with a pulse length of <0.5 ms per element. 
Due to the long T2 (much longer than the duration of the RF elements) the magnetization of the 
“free proton” is returned to the z-axis at the end of the binomial pulse. Mz Magnetization of 
“bound protons” with a very short T2 time is destroyed, because the dephasing of the 
transverse magnetisation is much faster than the duration of the RF elements. The net effect of 
such a pulse-train is that the Mz magnetization of the “free protons” is unchanged while the Mz 
of “bound protons” is destroyed.  
Figures 2.14b-d demonstrates the basic principle underlying the MTC contrast (78,79,87). Here 
we consider a simplified biological tissue with a “free pool” of four proton spins, and a “bound 
pool” of one macromolecule with 3 proton spins (Figure 2.14b). Without application of a RF 
saturation pulse the signal-to-noise ratio of both tissues is 4 (arbitrary units). In the MT 
experiment a selective saturation pulses only affecting the bound protons is applied (Figure 
2.13c). The bound protons are consequently saturated while the unbound protons are not 
affected. The next step in the MT process is that a portion of the saturated spins exchange their 
Mz magnetization with the non-affected spins of the “free-pool”. The result of this cross 
relaxation is that the SNR is decreased to 2 (arbitrary units) (Figure 2.14d). Tissues with a larger 
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proportion of bound-pool protons should have higher effect on the signal loss of the free-pool. 
This signal loss can be presented as a % signal loss or magnetization transfer ratio (MTR): 
        Eq. 2.4 
Table 2.1 shows the MTR (%) values for different tissues measured at 3T (88).  
Tissue MTR(%) 
Liver 77 ± 5 
Muscle 88 ± 2 
Kidney 82 ± 1 
Cartilage 85 ± 1 
White matter 85 ± 1 
Grey matter 84 ± 1 
Spinal Cord 83 ± 1 
Blood 11 ± 4 
Table 2.1- Magnetization transfer ratio (MTR) at 3T (88). 
 
MTC sequences have been successfully used to detect regions of organized proteins, like scar 
tissue, fibrous cap of atherosclerotic plaque and in tissue fibrosis (79,81,89,90). 
As previously described, the two most important macromolecules in venous thrombus are fibrin 
and collagen, which have different sensitivities for magnetization transfer pulses and 
consequently result in different MT contrast (81). In this work we sought to optimize the MTC 
sequence in order to estimate the collagen content of venous thrombi in-vivo and thereby to 
detect the different stages of thrombus organization. 
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Figure 2.14- Basic principle of MTC contrast. (a) Spectral lines of the ‘free pool” and the “bound pool” are 
both centred at the same Larmor frequency (f0). The “free pool” has a narrow line (long T2 time) and the 
“bound pool” has a homogeneous broadened line (T2 < 0.2 ms). (b) Simplified biological tissue with a “free 
pool” of 4 four proton spins, and a “bound pool” of one macromolecule with 3 proton spins. In the MT 
experiment a selective saturation pulses for the bound protons is applied (c). The next step in the MT 
process is that a portion of the saturated spins exchanges magnetization with the non-affected spins “free-
pool” spins (d). The result of this cross relaxation is that the S/N is decreased to 2 AU (adapted from (80)) 
 
2.5.2 Materials and Methods 
Agar phantoms and in vitro thrombus 
First, we optimized the acquisition parameters of the MTC sequence with agar samples as a 
model of organized proteins and using in vitro clots formed from freshly drawn blood that was 
allowed to organize for different time periods.  
Blood was collected from healthy volunteers by venepuncture and allowed to form thrombi in 
vitro, which were washed with saline, placed in sealed Eppendorf tubes and imaged at 4 hours 
(fresh), 11 days (organized) and 17 days (lysed) after preparation. Between collection and 
imaging thrombi were stored at 4 °C to prevent dehydration. MRI was performed using a 3T 
Philips Achieva MR scanner (Philips Healthcare, Best, The Netherlands) and a single–loop 
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surface coil (diameter=47 mm). Three different MTC protocols were tested: 1) on resonance MT 
pre-pulse, 2) single off-resonance MT pre-pulse, and 3) multiple off-resonant MT pre-pulses. 
Dynamic T1 weighted gradient echo 3D images were acquired without an MT prep-pulse and 
with the 3 MTC protocols. For the on-resonance scan the parameters were: TR=115 s, TE=6.8 
ms, flip angle=18º, NEX=1, slice thickness=2.0 mm, acquired matrix=100x100, FOV=50x50 
mm, reconstructed resolution=0.4x0.4 mm, scan duration=3 minutes. The on-resonance MT 
pre-pulse was a binomial block pulse (1:2:1, 90ºx 90º-x 90º-x 90ºx) with a duration=1.92 ms, 
repetition=1 and offset=0 Hz. The single off-resonant MT pre-pulse was an adiabatic pulse with 
a sinc-gauss shape with an angle=620º, duration=17.5 ms, repetition=1, and offset=1100 Hz. 
For the multiple off-resonant MT pre-pulses four adiabatic pulses with an angle=700º, 
duration=20 ms, and offset=1, 200, 500, 800, 1000 Hz were used. Finally, off-resonant adiabatic 
MT pre-pulses with an angle=700º, duration=20 ms, offset=500 Hz, applied 4, 6 and 8 times 
were used.  
In-vivo thrombus 
A mouse venous thrombosis model was used as described in Section 2.2.1. The magnetization 
transfer rate (MTR) of in vivo thrombi was measured at days 1, 4, 7, 14, 21 and 28 after 
thrombus induction. Mice were imaged using a clinical 3T Achieva Gyroscan MR scanner 
(Philips Healthcare, Best, The Netherlands) equipped with a single–loop surface coil 
(diameter=47 mm). Arterial and venous time-of-flight (TOF) images were used to locate the 
thrombus. Dynamic T1GRE 3D images were acquired without and with an on resonance MT 
pre-pulse. Imaging parameters included: TR=115 s, TE=16 ms, flip angle=18º, NEX=1, slice 
thickness=0.4 mm, acquired matrix=148x150, reconstructed resolution=0.1x0.1 mm, scan 
duration=6 minutes. The MT pre-pulse was a binomial block (1:2:1, 90ºx 90º-x 90º-x 90ºx) pulse 
with a duration=1.92 ms, repetition=1 and offset=0 Hz.  
Image Analysis 
MTR maps were generated based on the Eq. 2.4 using OsiriX (The Osirix Foundation, Geneva, 
Switzerland). 
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2.5.3 Results 
We first optimized acquisition parameters with agar samples as a model of organized protein 
and in vitro clots formed from freshly drawn blood that was allowed to organize for different time 
periods. For MTC three parameters were tested: 1) an on resonance MT pre-pulse, 2) an off-
resonance MT pre-pulse, and 3) multiple off-resonant MT pre-pulses. An example of the 
application of an on-resonant MT pre-pulse is illustrated in Figure 2.15. 
Incremental MT effects (increased signal reduction) were observed in samples with a higher 
concentration of agar. A similarly higher MT effect was observed in organized compared to 
fresh and lysing thrombus. The corresponding histology shows that fresh thrombus was rich in 
erythrocytes while organized thrombus contained abundant collagen fibres (blue staining) and 
the lysing thrombus contained degraded collagen fibres and lysed erythrocytes.  
The % MTR revealed a linear correlation with the agar concentration at 3T for both the on-
resonant and off-resonant MT pre-pulse (Figure 2.16a). However, the MT effect was more 
prominent when the MT pre-pulse was applied on-resonance. A significantly higher MTR was 
observed for the organized compared to the fresh and the lysing thrombus, and this effect was 
also more pronounced when the MT pre-pulse was on-resonance (Figure 2.16b). The effect of 
the offset frequency and the number of repetitions (number of pre-pulses) was investigated by 
applying multiple MT pre-pulses. Figure 2.17a shows that the off-resonance MT pulse should be 
applied at least 500 Hz away from the resonance frequency of the free water peak to avoid a 
direct MT saturation effect of the free water protons. Figure 2.17b shows that when the offset 
frequency is set to 500 Hz the MTR monotonically increased with the number of repetitions in 
the agar samples.  
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Figure 2.15- Example of on-resonance magnetization transfer. Agar phantoms with increasing 
concentration of protein showed a gradually higher MTR (more hypointense subtracted images). In vitro 
thrombi showed the higher MTR in the organized stage (contained abundant collagen fibres (blue 
staining), followed by fresh thrombus (rich in erythrocytes) and lysed thrombus (contained degraded 
collagen fibres and lysed erythrocytes). 
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Figure 2.16- Quantification of the magnetization transfer rate in agar samples and in-vitro thrombus at 3T. 
(a) There was a linear correlation between the protein composition and the % MTR for both the on-
resonance and off-resonance MT. However, a higher MTR was achieved for all the samples using on-
resonance MT. (b) There was a significantly different %MTR between fresh, organized and lysed thrombi 
using the on-resonance MT; whereas the %MTR was statistically different only between organized and 
lysed thrombus using the off-resonance MT. 
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Figure 2.17- Effects of offset frequency and number of pre-pulses for the off-resonance MT. The offset pre-
pulse needs to be applied at least 500 Hz away from the resonance frequency of free water to avoid direct 
magnetization transfer effects. Keeping the offset frequency at 500 Hz there was a small increase in the 
%MTR with additional pre-pulses. 
 
Because of its higher MTR effect and the significant difference between the MTR effect of fresh 
and organized thrombus, we decided to use the on-resonance MTR protocol for the in-vivo MTR 
acquisitions. 
Figure 2.18 shows representative images of the mice thrombus’ MTR maps at different time 
points of thrombus organization. In the coloured MTR map, the green-red areas represent a 
high MTR effect , which are in agreement with a higher protein content.  
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Figure 2.18- Venous thrombus localization on TOF venography. Transverse images acquired with and 
without magnetization transfer. Magnetization transfer rate maps and MSB histology of venous thrombus 
at (a) Day 1, (b) Day 7, (c) Day 14 and (d) Day 28, since thrombus induction  
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Figure 2.19 shows the MTR values at different time points during thrombus resolution and the 
average (%) protein content (collagen and fibrin) of thrombus. The graphs show 2 sub-
populations: the first one with small MTR affect, which correspond to young thrombus mainly 
formed by RBCs and fibrin (which has a weak MT effect), and a second sub-population with 
higher MT effect, which correspond to old thrombus, rich in collagen.  
 
Figure 2.19- MTR (%) in relation with the thrombus stage of resolution (a) and the % of thrombus protein 
content (collagen and fibrin composition) (*=P<0.05, &=P<0.01) 
 
2.5.4 Conclusion 
MTC has been successfully used to suppress the signal from static background tissues to 
improve MR angiography and also to characterize white matter disease in the brain, mostly 
multiple sclerosis (80). In this section we demonstrate that the MT contrast also can be used to 
differentiate between thrombus with different protein content. Because RBCs and fibrin are the 
main components of young thrombus and collagen is mainly present in old thrombus, this 
technique is promising for the non-invasive detection of histological changes that occur during 
thrombus organisation.  
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2.6 T1 Relaxation Time mapping  
2.6.1 Introduction 
It has been shown that venous thrombus can be detected using T1-weighted MRI and it has 
been speculated that this effect is related to Methemoglobin (Hgb(Fe+3)) formation in thrombus 
during its organisation (73,74). However this hypothesis has not been demonstrated yet, and 
thrombus T1 effects have not been correlated with the stage of thrombus organisation. In this 
section we sought to correlate thrombus organisation with the T1 relaxation time and the 
methemoglobin concentration. 
2.6.2 Materials and Methods 
MRI Protocol 
A fast 3D Look-Locker based T1-mapping sequence was used in this study (76). After the 
acquisition of arterial and venous TOFs, and measurement of flow velocity across the IVC 
(section 1.6), the venous TOF dataset was used to plan the location of the 3D T1-mapping 
sequence. A 3D volume covering the whole thrombus in 30 slices with a voxel resolution of 
0.2x0.2x0.5 mm3 was planned to acquire 16 time-points for each pixel. A long relaxation delay 
of 3s after each acquisition was employed to ensure magnetization recovery. The other 
sequence parameters were: TR/TE=9.0/4.6 ms and flip angle=10°. Total scan time for this 
sequence was 28 minutes. T1 maps were calculated for each slice using custom-made software 
implemented in Matlab (Mathworks, Natick, MA, USA) (Figure 2.20). 
 
Figure 2.20- T1 Relaxation time calculation methodology. Acquired images were imported into custom-
made software implemented in MATLAB and analysed to quantify thrombus T1 relaxation time on a pixel-
by-pixel basis. Average T1 relaxation times were calculated in a selected area of interest for each slice. (a) 
Shows an area of interest with a short T1 relaxation time and (b) and area with long T1 relaxation time. 
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In order to detect the T1 effect of the Methemoglobin using MRI two requisites are needed: 
firstly the presence of Methemoglobin and secondly the availability of free water protons in order 
to obtain a measurable MR signal. One in vitro study has shown that ADC maps could be 
related with the water content in thrombus (91). Very old thrombus, rich in collagen, has very 
restricted water diffusion and leading to a low content of water. 
In order to estimate the water content of the thrombus, a diffusion-weighted image of the 
thrombus was obtained in order to calculate the Apparent Diffusion Coefficient (ADC). The MR 
parameters used were: 2D diffusion-weighted spin echo images with: TR=2.8 s, TE=105 ms, flip 
angle=90º, diffusion echo time=333 mm, FOV=18x30x12 mm3, acquired matrix=88x150, slice 
thickness=0.5 mm, acquired resolution=0.2x0.2 mm2, reconstructed resolution=0.1x0.1 mm2, 
slices=24, averages=2, and scan duration of 36 minutes. Diffusion gradients were applied, 
parallel and perpendicular to the external magnetic field. The apparent diffusion coefficient 
(ADC) was calculated from 4 b-values = 0, 333, 667, 1000 mm2/s, based on the equation: 
         Eq. 2.5 
Where, Si is the signal intensity of the area of interest obtained when b-values = bi. 
Iron measurement 
Total thrombus iron content was measured using ICP-MS methodology and Methemoglobin 
(Fe3+) was measured using a commercial kit (Quantichrom Iron Assay Kit, BioAssay Systems, 
CA, US) as described in section 2.2.2. 
2.6.3 Results 
The mean T1 relaxation time of normal blood was found to be 1478 ± 86 ms. Thrombus was 
defined as intraluminal pixels in the IVC with a T1 value lower than the measured blood T1 
relaxation time in normal vessel segments minus two standard deviations, i.e. we used a cut off 
point of 1300 ms. 
Mean T1 relaxation time changed during thrombus organisation (One-way ANOVA, P<0.01, 
Figure 2.21). The Average T1 relaxation time showed an “U” shape evolution during thrombus 
organisation. In the first phase, the T1 relaxation time decreased reaching a minimum plateau 
between Day 4 and 10 with a T1 of approximately 750 ms. After this plateau, the thrombus T1 
ADC = ln(S0 − S1)b1 − b 0
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relaxation time increased consistently until Day 28. No significant differences were found 
between the average T1 relaxation time between day 4 and 7, and between day 7 and 10 
(Bonferroni post-hoc test). This T1 shape is consistent with the hypothesis that the formation 
and later degradation of methemoglobin could be the main “source” of the shorter T1 relaxation 
time. 
 
Figure 2.21- Average T1 relaxation time (ms) of thrombus during its resolution. One-way ANOVA with 
Bonferroni post-hoc test analysis (*=P<0.05, &=P<0.01, §=P<0.001, ns: non significant) 
 
Fe3+ content measured in µg/dl per mg of thrombus was found to change during thrombus 
organisation (P<0.01, One way ANOVA, Figure 2.22). The concentration of Fe3+ increases 
during the first stage of thrombus organization, reaching a maximum of 6.6 mg/dl per mg of 
thrombi. After this maximum, the Fe3+ content decreases in the second stage of thrombus 
organisation. This behaviour mirrors the T1 relaxation time during thrombus organisation 
(Figure 2.21 and 2.22). However, both curves are slightly displaced relative to each other, 
because the maximum Fe3+ content does not coincide with the minimum T1 relaxation time. In 
fact, there is a significant but weak linear relationship between T1 relaxation time and Fe3+ 
content at different time points when each pair of measurements are taken from the same 
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mouse (Figure 2.23, R2=0.469, P<0.001). This result suggests that there may be additional 
variables that affect the T1 relaxation time. 
 
Figure 2.22- Fe3+ concentration (µg/dL per mg of thrombus) at different time point during thrombus 
organisation. One-way ANOVA with Bonferroni post-hoc test (*=P<0.05, &=P<0.01, §=P<0.001, ns: non 
significant) 
 
We thus calculated ADC maps for all thrombi at different time points. In order to have an 
internal control, we also estimated the ADC values of muscle and free water (represented by 
the urine from the bladder) in each mouse. Figure 2.24 shows the relation between S/S0 and the 
b-factor (Eq. 2.5). Free water (non restrictive water diffusion tissue) and muscle (more restrictive 
water diffusion tissue) are the minimum and maximum curves in this graph while the thrombus 
S/S0 values are in between both curves, showing a behaviour that could be related to its stage 
of organisation. 
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Figure 2.23- Relationship of Fe3+ concentration (µg/dL per mg of thrombus) and T1 relaxation time 
measured in the same group of mice at different time points during thrombus organisation. 
 
Figure 2.25 shows the average ADC values at different time points of thrombus organisation. In 
the early stages the membranes of dead RBCs act like a barrier for water diffusion and the 
thrombus shows a restricted diffusion pattern with low ADC values. As soon as thrombus is 
cleared of dead RBCs and the fibrin matrix becomes its main component, thrombus showed a 
slight increase in water diffusion, reaching a maximum between day 10 and 14. In the latest 
stages, when mainly a collagen rich scar forms the thrombus, it showed again a restricted 
diffusion pattern with low ADC values. To acquire ADC images at 3T with this level of resolution 
is challenging and results in considerable noise, which could explain the lack of strong statistical 
differences during thrombus organisation (Figure 2.26) 
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Figure 2.24- Signal intensity measured with b-factor=0 (S0) and b-factor=333, 667, 1000 mm2/s (S) for free 




Figure 2.25- Average ADC values [x10-3 mm2/s] of free water (urine in the bladder), high-restricted tissue 
(muscle) and venous thrombus at different organisation time point (*=P<0.05, &=P<0.01, §=P<0.001, ns: 
non significant) 
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Figure 2.26- ADC maps at different thrombus organisation time point. The segmentation of the thrombus 
was done using the Phase Contrast and TOF images, and the region of interest was exported to the ADC 
maps (blue colours represent high restrictive tissues for water diffusion and green-red colours low 
restrictive tissues for water diffusion). 
 
There was also a weak correlation between ADC values and T1 relaxation times of the 
thrombus during its resolution (R2=0.259, P<0.05, Figure 2.27).  
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Figure 2.27- Relationship of ADC values (x10-3 mm2/s) and T1 Relaxation time measured in the same 
group of mice at different time point during thrombus organisation. 
 
When we combined the effect of both parameters: Fe3+ concentration and ADC values (as a 
marker of proton availability), a better correlation was found (Figure 2.28, R2=0.719, P<0.0001, 
βADC=0.31 (CI95%:0.085-0.534) and βFe3+=0.032 (CI95%:0.016-0.048). 
Fe3+ and ADC by itself are not good predictors of the T1 relaxation time, however its 
combination results in an improvement of the model with Fe3+ having the strongest effect (Figure 
2.28). 
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Figure 2.28- Relationship between ADC mapping, Fe3+ content and T1 relaxation times of thrombus. The 
graph shows that presence of Fe3+ and water protons (measured by the ADC) are necessary to obtain a 
T1 effect that can be detected by proton MRI (Multivariate linear regression, R2=0.719, P<0.0001) 
 
2.6.4 Discussion 
Our results confirm that the low T1 relaxation time observed during thrombus organisation is the 
consequence of the formation and degradation of methemoglobin (Fe3+), but also related with 
the availability of protons in the surrounding environment of methemoglobin. The different 
stages of thrombus resolution create favourable conditions for the formation of methemoglobin, 
mainly in the earliest stages. Additionally restriction of water diffusion during thrombus formation 
and organization play an important role in the creation of a measurable T1 effect using MRI. All 
of those biological consequences of thrombus organisation are very well represented in the T1 
maps and could be used to better identify the stage of thrombus organisation at the moment of 
diagnosis. 
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2.7 Conclusions  
In this chapter we have shown that there are several techniques that could help visualizing the 
dynamic changes during thrombus organisation and resolution.  
Very young thrombi are typically very occlusive and therefore create the largest filling defect in 
the IVC. Histologically they are less organized, without a tight fibrin matrix and full of RBCs. 
From a MRI point-of-view this stage of organisation showed the lowest T2* value (because of 
the iron content in the RBCs), low MTR effect because the lack of fibrin and collagen proteins 
and a moderate T1 relaxation time despite the high methemoglobin content of the thrombus. It 
has been suggested that young thrombi do not respond well to thrombolytic therapy because of 
the lack of a cross-linked tight fibrin matrix. In addition RBCs surrounding fibrin provide 
resistance to classic fibrin targeted thrombolytic therapies (66,86,92). 
In contrast, in very old thrombi the fibrin matrix has been replaced by a collagen rich scar tissue 
with no to little RBCs. These thrombi showed a small T2* effect because of the lack of RBCs 
while small amounts of hemosiderin was found at this stage. These thrombi also had the 
highest MTR effect because the high collagen content and a long T1 relaxation time because of 
the lack of methemoglobin at this time point.  
Thrombi in the intermediate organisation stage showed a mixed behaviour. T2* relaxation times 
increased consistently as a result of decreased RBC content and therefore reduced iron content 
in these thrombi. The high concentration of methemoglobin and the availability of protons (high 
ADC values) generated a strong T1 effect leading to a decrease of the T1 relaxation time. 
Additionally the MTR affect had an intermediate value, which was between the young and old 
thrombus. At this stage thrombus is primarily composed of a tight fibrin matrix and therefore 
ideally suited for thrombolytic therapy. 
Figure 2.29 shows the average thrombus T2* and T1 relaxation time at different time points. It is 
possible to visualize the “route of thrombus organization” as very clear “steps” during thrombus 
organisation, starting from very young thrombi with moderate T1 relaxation time and short T2* 
time, until very old thrombi with long T1 relaxation time and long T2* values. Using this graph it 
is possible to estimate which venous thrombus is amenable for thrombolysis and it should be 
located in the intermediate region (day 4, 7 and 10) characterized by a high fibrin, low collagen 
and low RBC content. This hypothesis will be further studied in the following chapters. 
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Figure 2.29- Temporal relationship between T2* and T1 relaxation time during thrombus organisation. The 
graphs shows a very well define steps during thrombus organisation, the “Route of venous thrombus 
organisation” that reflect the change in the RBC and Methemoglobin content. 
 
In summary, the experiments carried out in this chapter demonstrate that it is feasible to 
visualise murine thrombus in vivo; measure the blood flow across the IVC with phase contrast 
angiography; and obtain several MRI parameters like: MTC, ADC, T2* and T1 relaxation times 
of thrombus during its organization and resolution. All of these parameters are correlated with 
the thrombus histological changes during its organisation. 
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Chapter 3 Venous thrombus characterization using a Gd-based 
fibrin specific contrast agent 
3.1 Aims and objectives 
Venous thrombi resolve by a process of organisation similar to the formation of granulation 
tissue in healing wounds (43,48). The formation, organisation and degradation of the fibrin 
matrix is a key event in the natural history of thrombus resolution (43-45,48,49,53). We 
hypothesised that fibrin targeted MRI would provide information on molecular composition of 
thrombus and that the accurate quantification of fibrin-specific contrast agent uptake in-vivo 
could therefore serve as a surrogate marker of the stage of thrombus organisation at the time of 
diagnosis. Additionally, as thrombolytic therapies target fibrin this protein could represent a 
good imaging target for the guidance of thrombolytic therapy (23,45,54). 
MRI is a radiation free imaging modality, which with the development of new protein and cell 
specific contrast agents, provides the opportunity to diagnose disease not only at a morphologic 
but also on a molecular level thereby providing new insights into pathophysiology in-vivo (54). 
EP-2104R is a Gd-based contrast agent that binds strongly and reversibly to fibrin (56,57,93). 
The use of EP-2104R has been shown to be successful in the detection of arterial and venous 
thrombi in animal models and man (56-58,93-95). The use of this agent has not, however, been 
used to characterize venous thrombus composition during its organisation. 
In this chapter we therefore sought to investigate whether fibrin specific MRI (FSMRI) would 
allow accurate staging of venous thrombus organisation. 
3.2 Materials and Methods 
3.2.1 DVT mouse model 
Venous thrombosis was induced in the inferior vena cava (IVC) of 8-10 weeks old male BALB/C 
mice as was described in section 1.5.1. MRI was performed at day 2, 4, 7, 10, 14 and 21 
following thrombus inductions. Eight mice were scanned at each time point pre and 2 hours post 
injection of a gadolinium based, fibrin-specific MRI contrast agent, EP-2104R (EPIX 
Pharmaceuticals, Lexington, MA)(56,57,93,94) (Figure 3.1). Two additional mice were scanned 
at each time point 20 minutes post injection of 0.2 mmol/kg of Gd-DTPA (Magnevist, Bayer 
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HealthCare AG, Berlin, Germany) and excised thrombi were analysed with ICP-MS to quantify 
non-specific contrast uptake (Figure 3.1). 
 
Figure 3.1- Study design. Ten mice were scanned at each time point (day 2, 4, 7, 10, 14 and 21) after IVC 
thrombosis induction. At each time point, 8 mice were scanned pre and post EP-2104R injection. 
Additional 2 mice were scanned pre and post Gd-DTPA injection. Subsequently venous thrombi were 
harvested and analysed using ICP-MS for Gd uptake quantification and histology for biological 
composition 
 
Fibrin contrast agent 
EP-2104R is a Gd-based, fibrin-binding contrast agent with four Gd moieties (56,57,93). EP-
2104R binds equally to two sites on human fibrin (Kd=1.7±0.5 µM) and has a similar affinity to 
mouse, rat, rabbit, pig, and dog fibrin. EP-2104R has excellent specificity for fibrin over 
fibrinogen (over 100-fold) and for fibrin over serum albumin (over 1000-fold) (56). The relaxivity 
of EP-2104R bound to fibrin at 37 °C and 1.4 T was 71.4 mM-1s-1 per molecule of EP-2104R 
(17.4 per Gd), about 25 times higher than that of Gd-DOTA measured under the same 
conditions. In this study a dose of 8 µmol/kg of EP-2104R was used. The fibrin scans were 
performed 2 hours post EP-2104R injection to allow for contrast agent blood clearance and to 
minimize background signal (57,58,93). 
MRI Protocol 
Mice were anesthetized with 1.5-2% isofluorane and 100% oxygen delivered through a nose 
cone and scanned in prone position on a 3T Philips Achieva Gyroscan MR scanner (Philips 
Healthcare, Best, The Netherlands) equipped with a dedicated 47 mm small animal surface coil. 
A late gadolinium enhancement inversion recovery (LGE-IR) 3D segmented gradient echo 
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(TFE) sequence was performed to selectively visualise thrombus pre and post contrast. 30 
slices were acquired starting above the renal veins and extending down to the union of the two 
common iliac veins (Figure 1.9). Imaging parameters included matrix size=448x448, acquired 
spatial resolution=100x100x500 µm, TR/TE=27.4/8.2 ms, flip angle=30°, TI=450 ms, and 2 
signal averages. In addition, T1 mapping of thrombus and blood before and after contrast 
injection were performed using a Look-Locker based sequence (76). T1 maps from 30 slices 
were calculated using custom-made software implemented in Matlab (Mathworks, Natick, MA, 
USA). T1 mapping imaging parameters included: acquired spatial resolution 200x200 µm, slice 
thickness of 500 µm, TR/TE=9.0/4.6 ms and flip angle=10°. 
Image Analysis 
We calculated the visualised thrombus volume enhancement in the pre and post contrast 
images. On LGE-IR images, thrombus was defined as intravascular pixels with signal intensities 
greater than 2 standard deviations of the mean blood signal measured in normal vessel 
segments. On T1 maps thrombus size was estimated as intraluminal pixels with a T1 value 
lower than the measured blood T1 relaxation time in normal vessel segments minus two 
standard deviations. 
Histology and ICP analysis 
All thrombi were harvested immediately after the post contrast imaging session. Abdominal 
laparotomy was performed to allow visualisation of the whole abdominal IVC and to measure 
the distance from the renal branches until the union of the two common iliac veins. The IVC was 
harvested en-bloc, including the thrombus and the IVC extending from the renal branches down 
to the union of the two iliac veins. The harvested IVC was then pinned onto cork mats and 
stretched to the same length as measured in-situ prior to harvest. The tissue was stored in 10% 
formalin for 24 hours before being embedded in wax. Paraffin sections (5 µm) of the entire IVC 
were taken at 500 µm intervals to allow comparison with the corresponding MRI slices. Sections 
were stained with haematoxylin and eosin (H&E) for anatomical detail and Martius Scarlet Blue 
(MSB) trichrome stain for visualisation and quantification of fibrin and collagen.  
Digital images of MSB-stained sections were captured using a light microscope (Leitz, Leica, 
UK) and a microscope-mounted camera (EXi Blue, QImaging) and processed using image 
analysis software ImageJ (National Institutes of Health, Bethesda, MD, USA) and the colour-
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threshold tool to estimate the percentage of fibrin and collagen content in the intravascular 
region of the IVC in each histological slice. 
Inductively coupled mass spectroscopy (ICP-MS) for gadolinium concentration quantification 
was performed on a subset of thrombi (N=). Thrombus was digested in 70% nitric acid at 37°C 
overnight followed by dilution with deionized water for ICP-MS analysis. A standard curve 
was run with each sample set for Gd concentration determination. 
Statistical Analysis 
Continuous data are expressed as mean ± 1 SD and the paired t-test was used to compare pre 
and post contrast parameters in the same group of mice. Measures of agreement were 
calculated using linear regression analysis and Bland-Altman plots. All statistical analysis was 
done using SPSS Statistics software package release 19.0 (IBM Corporation, Somers, NY, 
USA). A P-value of <0.05 was considered statistically significant. 
 
3.3 Results 
Thrombi were successfully induced in all mice. High signal intensity on pre contrast IR images 
and short T1 relaxation times on T1 maps were observed in the central (core), but not in the 
outer parts (distal) of thrombus at days 4, 7 and 10 (Figure 3.2). This is presumably related to 
the formation of methemoglobin in the core of the thrombus as was shown in Section 2.6. 
Following injection of EP-2104R, higher signal intensity and shorter T1 relaxation times were 
observed both in the thrombus core and in the distal portion of the thrombus compared with pre 
contrast images. This was most evident at days 2, 4, 7 and 10 following thrombus induction 
(Figures 3.2 and 3.3).  
The mean T1 relaxation time in the thrombus core shortened both on pre and post EP-2104R 
images during the course of thrombus organisation up to day 10, reaching 734 and 489 ms 
respectively (Figure 3.2). In the distal segment, the T1 relaxation time pre contrast did not show 
a significant change during thrombus organisation, while the post EP-2104R T1 relaxation times 
showed a similar trend as the thrombus core, with a minimum T1 relaxation time of 498 ms 
between day 7 and 10. In the pre contrast images the average T1 relaxation time of blood was 
1478 ± 86 ms, while in post EP-2104R images the average T1 relaxation time two hours after 
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contrast injection was 1280 ± 58 ms suggesting almost complete contrast agent clearance. No 
T1 relaxation time shortening of thrombus was observed in post Gadolinium-DTPA injection 
images (Figure 3.3).  
Average whole thrombus T1 relaxation time pre and post EP-2104R injection showed significant 
shortening at day 2, 4, 7, 10 and 14, but not significant difference at day 21 (Figure 3.4). These 
results are consistent with the visualized fibrin by histology at day 2, 4, 7, 10 and 14, and the no 
fibrin content at day 21 (Figure 3.3). These new areas of contrast uptake lead to a larger 
visualised thrombus volume in the post EP-2104R images compared with the non-contrast 
images (Figure 3.5). No significant difference in the thrombus volume estimated by T1 maps 
was found at day 2 and 21 in the pre and post contrast images. However, significant differences 
were found at day 4, 7, 10 and 14, consistent with the large fibrin thrombus content at those 
time points of thrombus organisation. 
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Figure 3.2- Late gadolinium enhancement inversion recovery (LGE-FSMRI) images pre- and 2 hours post-
injection of EP-2104R of the middle and distal segments of thrombus at different time points post thrombus 
induction. High signal intensity in the LGE-IR images and low T1 relaxation times on T1 maps can be 
observed in the pre-contrast images of the thrombus at the middle segment between day 4 and 10 while 
no such effect was observed in the distal segments of the thrombus. This is due to the formation of 
methemoglobin in the core of the thrombus as was shown in Section 2.6. Post EP-2104R injection, 
contrast agent accumulation can be observed in the periphery of thrombus at day 2 both in mid and distal 
segments. From day 4 until day 10 increasing contrast uptake can be observed both in the mid and distal 
segments of thrombus and decrease of contrast uptake between day 14 to 21. The graphs show the 
thrombus T1 relaxation time pre and post contrast at different time points in the mid and distal segments of 
the thrombus. FSMRI: fibrin specific MRI. 
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Figure 3.3- T1maps images pre contrast and post injection of Gd-DTPA and EP-2104R at the distal 
segment of the thrombus (brighter signal represents lower T1 relaxation times). MSB histology sections 
and fibrin segmentation using ImageJ software (NIH, Bethesda, USA) at the corresponding levels. 
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Figure 3.4- Average Thrombus T1 relaxation times at different time point pre and post EP-2104R injection. 
The maximum differences were reached at Day 4, 7 and 10 (Paired t-test, *=P<0.05, &=P<0.01, 
§=P<0.001, ns: non significant) 
 
 
Figure 3.5- Average Thrombus volume estimate by the T1maps, at different time point pre and post EP-
2104R injection. The maximum differences were reached at Day 7 and 10 (Paired t-test, *=P<0.05, 
&=P<0.01, §=P<0.001, ns: non significant) 
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Good spatial correspondence between T1 mapping images of EP-2104R uptake and fibrin 
distribution on MSB stained sections was observed (Figure 3.3). Fibrin rich areas in the 
thrombus were detected between 2 and 14 days following thrombus induction, reaching a 
maximum content of 79% of the cross sectional area of thrombus at day 10 (Figure 3.6a). After 
this time point, a decrease in fibrin content and an increase in collagen content were observed 
(Figure 3.6a). 
The mean gadolinium concentration in thrombus of mice injected with EP-2104R showed a 
strong correlation with the T1 relaxation time (R2=0.944, P<0.01, Figure 3.6b) measured by T1 
mapping. This relationship was similar with the percentage of fibrin content in thrombus 
estimated by histology (R2=0.912, P<0.01, Figure 3.6c). Good agreement (R2=0.978 and 0.966, 
P<0.01) and no significant bias was found in the Bland-Altman analysis between the percentage 
of thrombus fibrin content estimated from post EP-2104R T1 mapping and LGE-FSMRI images 
compared with histology (figures 3.6e-f). Traces of gadolinium (less than 10 µM) were detected 
in the thrombus post injection of Gd-DTPA, but with no correlation with the average T1 
relaxation time at any time point (Figure 3.6b). 
Following thrombus induction different patterns of EP-2104R uptake were observed. At day 2, 
when thrombus is histologically less organized, and consisting largely of trapped red cells, EP-
2104R enhancement was observed in the periphery of the thrombus (Figure 3.2 and 3.3). 
Between day 4 and 10 as fibrin content increased histologically and gadolinium concentration 
increased accordingly in the thrombus resulting in high signal intensity on LGE-FSMRI images 
and short T1 relaxation times (Figure 3.2 and 3.3). Between day 10 and 14, thrombus was more 
organised with processes of vein recanalization and deposition of collagen replacing the fibrin 
matrix (Figure 3.3 and 3.6a). These changes were associated with decreased EP-2104R uptake 
as observed as low signal intensity areas on LGE-FSMRI images and an increase in the T1 
relaxation time on T1maps of the thrombus (Figures 3.2 and 3.3). By day 21, thrombus was 
primarily composed of collagen, with a variable rate of IVC lumen occlusion. Thrombi were 
difficult to visualise with or without injection of EP-2104R (Figure 3.2 and 3.3). 
Representative T1mapping images pre and post EP-2104R injection are shown for thrombus 
with low (Figure 3.7a) and high (Figure 3.7b) contrast uptake at the proximal, mid and distal 
thrombus level. Both thrombi appear similar on pre contrast images showing low T1 relaxation 
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time in their core section and no clear thrombus delineation in the proximal and distal sections. 
However the area of contrast uptake post EP-2104R injection was significantly different, 
showing that they were at different stages of thrombus organisation. This figure shows the great 
potential of EP-2104R in the venous thrombosis diseases. 
Figure 3.8a shows the relation between the thrombus T1 relaxation time pre contrast and the 
absolute decrease in the thrombus T1 value post contrast. In a very narrow range of pre-
contrast T1 values there is a different uptake of EP-2104R, showing that the contrast uptake 
could be a better discriminator of thrombus stage of organisation. 
 
Figure 3.6- a) Fibrin and collagen thrombus content (%) at different time points estimated from the MSB 
histology sections. (b-c) Average gadolinium thrombus concentration estimated by ICP-MS at each time 
point showing a good correlation between the average thrombus T1 relaxation time and the thrombus fibrin 
content. d) Correlation between percentage of fibrin content in thrombus estimated by post-contrast 
T1mapping and LGE-FSMRI images compared to histological estimation. (e-f) Bland Altman analysis 
showing no significant bias in the estimation of the thrombus fibrin content at different time points using 
post contrast T1 mapping and LGE-FSMRI images compared to histology. FSMRI: fibrin specific MRI. 
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The relation between the absolute decrease in the thrombus T1 relaxation time post contrast 
and the increase in the enhanced thrombus volume in the T1mapping due of the contrast 
uptake define two thrombi subpopulation (Figure 3.8b). The first one are thrombi with a small 
decrease in the T1 relaxation time post contrast and a small increase of the thrombus enhanced 
volume (Day 2, 4 and 21); and a second sub-population with a larger decrease in the T1 
relaxation time and a large increase in the thrombus enhanced volume (Day 7, 10 and 14) 
indicating a high fibrin content. 
 
Figure 3.7- Representative reconstruction of the Inversion Recovery images pre and post EP-2104R 
injection for thrombus with (a) low and (b) high EP-2104R contrast uptake. T1 maps at three levels area 
also shown. Pre-contrast images looks similar, however post-contrast images show different stages of 
thrombus organisation 
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Figure 3.8- (a) Average thrombus T1 relaxation time and absolute T1 decrease post EP-2104R injection at 
each time point of thrombus organisation. (b) Average thrombus T1 relaxation time and increase in 
thrombus visualisation volume pre and post contrast at each time point of thrombus organisation. 
 
3.4 Discussion 
We have demonstrated that quantification of fibrin in a mouse model of DVT using a fibrin 
binding MRI contrast agent, EP-2104R, provides accurate information on the fibrin content in 
venous thrombus. The absolute decrease in thrombus T1 relaxation time post contrast and the 
change in the visualized thrombus enhanced volume pre and post contrast were very well 
correlated with the histologically measured fibrin content and could provide useful information 
on the stage of thrombus organisation.  
The information given by EP-2104R contrast uptake provides useful information at the 




- 83 - 
Chapter 4 Venous thrombus characterization using a super-
paramagnetic very small citrate-coated iron oxide particle 
(VSOP) 
4.1 Aims and objectives 
Venous thrombus resolves by a process of organization and recanalization that is similar to the 
formation of granulation tissue in healing wounds. The recruitment of inflammatory cells is an 
important component of both processes. An initial neutrophil infiltrate is replaced by monocyte-
derived macrophages that have the capacity to express a host of chemotactic agents, 
proteases, and growth factors that orchestrate tissue remodelling and thrombus organisation 
(43,47,48,50,52). Several studies have shown that lack of infiltration of these cells impairs or 
delays normal thrombus organisation (47,51). Therefore, monocyte and macrophage 
accumulation within the thrombus is a hallmark of thrombus organisation in both man and 
experimental models (55,96,97). 
The use of ultrasmall superparamagnetic iron oxide nanoparticles (USPIO) as a molecular 
marker for inflammation is well known due to its rapid uptake by the mononuclear phagocyte 
system (98). Such imaging agents, mostly sterically stabilized by dextran coating, have been 
used for more than a decade to study inflammatory changes in atherosclerotic vessels in animal 
models (99) and humans (100,101) as well as in inflammation and cancer (102). More recently, 
very small iron oxide particles (VSOP) have been introduced with a hydrodynamic diameter 
much smaller (~7 nm) than of USPIOs (~30 nm). These particles are stabilized electrostatically 
by complex binding of citrate to the iron particle surface. This technique allows obtaining a 
monocrystalline iron oxide particle with a diameter of 7 nm, which is smaller than the currently 
available dextran coated iron oxide nanoparticles (60,103). VSOP is mainly cleared via the 
phagocytic system, and for this reason, is an excellent contrast agent for targeting 
macrophages (59). 
In this chapter sought to study the uptake of VSOP by macrophages during thrombus 
organisation. Our objective was to study if there is a correlation between thrombus VSOP 
uptake and the stage of thrombus organisation. 
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4.2 Materials and Methods 
4.2.1 DVT mouse model 
Venous thrombosis was induced in the inferior vena cava (IVC) of 8-10 weeks old male BALB/C 
mice as was described in section 1.5.1. MRI was performed at day 2, 4, 7, 10, 14 and 21 
following thrombus inductions. Eight mice were scanned at each time point pre and 48 hours 
post injection of a VSOP-C184 (Figure 4.1).  
 
Figure 4.1- Study design. Eight mice were scanned at each time point (day 2, 4, 7, 10, 14 and 21) after 
IVC thrombosis induction. Mice were scanned pre and post VSOP injection. Each venous thrombus was 
harvested and analysed using ICP-MS for Fe uptake quantification and histology 
 
Iron oxide nanoparticle 
For macrophage detection, VSOP-C184 (Charité, Berlin, Germany) was used (59,101-103). The 
contrast agent consists of an aqueous solution of super-paramagnetic iron oxide particles 
coated with a citrate layer. The concentration of the active substance is 27.9 gFe/L, 
corresponding to 0.5 molFe/L. The particles have a core diameter of 4 nm and a hydrodynamic 
diameter of 7 nm. The relaxivities of VSOP-C184 are R1=20.1 (mmol*s)-1 and R2=37.1 
(mmol*s)-1 (59). The contrast agent was administered by tail vein injection and a dose of 250 
µmol of iron per kg was administered 48 hours before the scan (99). 
  
- 85 - 
MRI Protocol 
Mice were anesthetized with 1.5-2% isofluorane and 100% oxygen delivered through a nose 
cone and scanned in prone position on a 3T Philips Achieva Gyroscan MR scanner (Philips 
Healthcare, Best, The Netherlands) equipped with a dedicated 47 mm small animal surface coil.  
A 3D T2* multi-echo gradient echo sequence was used to reconstruct T2* maps from 30 slices 
pre and 48 hours post VSOP injection, as was previously described in section 2.4.2. 
Image Analysis 
T2* maps from 30 slices were obtained using a custom-made software application written in 
Matlab (Mathworks, Natick, MA, USA) which fit pixel-by-pixel the T2* equation decay (Eq. 2.1) 
and calculated the average T2* value in a region of interest (Section 2.4.2) pre and post 
injection of VSOP. 
Circulating monocytes, histology and ICP analysis 
All thrombi were harvested immediately after the post contrast imaging session. Abdominal 
laparotomy was performed to allow visualisation of the whole abdominal IVC and to measure 
the distance from the renal branches until the union of the two common iliac veins. 1 ml of blood 
was obtained using a cardiac puncture technique. Blood was then put through an automated 
cell counter (Sysmex, Japan) for quantification if circulating monocytes. The IVC was harvested 
en-bloc, including the thrombus and the IVC extending from the renal branches down to the 
union of the two iliac veins. The harvested IVC was then pinned onto cork mats and stretched to 
the same length as measured in-situ prior to harvest. The tissue was stored in 10% formalin for 
24 hours before being embedded in wax. Paraffin sections (5 µm) of the entire IVC were taken 
at 500 µm intervals to allow comparison with the corresponding MRI slices. Thrombus sections 
were stained with haematoxylin and eosin (H&E) for anatomical detail, Perls’ Blue to identify 
hemosiderin and iron particle deposition (section 2.2.2) and MAC-2 (Accurate Chemical, NY, 
US) for macrophage visualization. 
Sham operations were carried out in another group of mice, in which all steps of the thrombosis 
procedure were carried out except tying of the suture across the IVC. Blood samples were 
obtained in 3 mice at day 2, 7, 14 and 21 days after sham procedure for quantification of 
circulating blood monocytes. 
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Inductively coupled mass spectroscopy (ICP-MS) for iron concentration quantification was 
performed on a subset of thrombi (N=4 at each time point). Thrombus was digested in 70% 
nitric acid at 37 °C overnight followed by dilution with deionized water for ICP-MS analysis. A 
standard curve was run with each sample set for Fe concentration determination. 
Statistical Analysis 
Continuous data are expressed as mean ± 1 SD and the paired t-test was used to compare pre 
and post contrast parameters in the same group of mice. Measures of agreement were 
calculated using linear regression analysis and Bland-Altman plots. All statistical analysis was 
done using SPSS Statistics software package release 19.0 (IBM Corporation, Somers, NY, 
USA). A P-value of < 0.05 was considered statistically significant. 
4.3 Results 
Circulating monocyte numbers increased following induction of venous thrombosis compared to 
sham controls, showing no statistical difference at day 2, but significant differences at day 7, 14 
and 21 (Figure 4.2). This result is consistent with monocytosis described in patients with DVT 
(104). 
 
Figure 4.2- Circulating numbers of monocytes following venous thrombosis. (*=P<0.05, &=P<0.01, 
§=P<0.001, ns: non significant) 
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Iron-oxide nanoparticles shorten the T2* relaxation time of tissues in their vicinity and appear as 
a signal void on gradient echo MR images. This contrast is often referred to as “negative 
contrast”. Figure 4.3 shows the T2* maps of a thrombus pre and post VSOP contrast injection at 
different time points. As thrombus typically contains red cells and thus there is a physiological 
iron concentration in thrombus, which produces a baseline T2* effect, as was discussed in 
section 2.4. Differences in the T2* effect between pre and post contrast images thus should 
result from VSOP uptake by macrophages, which infiltrate the thrombus during organisation and 
resolution (Figure 4.3). 
 
Figure 4.3- T2* mapping of venous thrombus at different time points during thrombus organisation. Darker 
areas represent shorter T2* times. The T2* differences pre and post VSOP were associated with 
macrophage infiltration and subsequent VSOP uptake 
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Figure 4.4 shows the average T2* value of the thrombus pre and post VSOP injection. There 
was no statistical difference in the T2* relaxation time pre and post VSOP injection at days 2 
and 4. From day 7 on the T2* value was significantly lower in the post contrast images. In young 
thrombi, the T2* effect mainly originates from haemoglobin of trapped RBCs. At this stage 
macrophage infiltration is small and therefore the contribution of VSOP uptake to T2* shortening 
is minimal, which is in concordance with the lack of significant differences in the total iron 
content in very young thrombus pre and post VSOP injection (Figure 4.5a). 
From day 7 on the concentration of trapped RBCs decreases and therefore the total iron 
concentration in thrombus pre VSOP injection is reduced and the T2* value increased (Figures 
4.4 and 4.5a). On the other hand, infiltration of macrophages increases rapidly starting at day 7, 
which is consistent with the significant decrease of the T2* value and the increased difference in 
the average iron content between pre (section 2.4.3, Figure 2.9) and post VSOP injection at 
each time point (Figure 4.4, 4.5a and 4.6). The T2* relaxation times in thrombus post VSOP 
injection showed a good correlation with the total iron content, which includes the endogenous 
(trapped RBCs) and the exogenous iron (phagocytised VSOP by macrophages) (Figure 4.5b). 
There was good co-localization between the macrophage distribution on MAC2 stained images 
and the iron distribution on the Perls’ stained histological slices (Figure 4.6b). 
 
Figure 4.4- Average thrombus T2* times [ms] at different time points of thrombus organisation pre and post 
VSOP injection. 
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Figure 4.5- Average total iron thrombus content [µgr] pre and post VSOP injection. An almost linear 
relationship between the total iron content [µg] and average T2* relaxation time was found at different time 
points of thrombus organization 
 
 
Figure 4.6- (a) Pearl’s and MAC2 stained histological sections of thrombus at different time points post 
thrombus induction showing an increase in macrophage infiltration and VSOP uptake during thrombus 
organisation. (b) Excellent co-localization between the macrophage distributions on MAC2 stained 
sections and the iron distribution on the Perls’ stained histological slices. 
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Figure 4.7 shows the absolute difference in the T2* values [ms] (a) and the total iron content 
[µg] (b) in the thrombus pre and post VSOP injection at different time points during thrombus 
organisation. In very young thrombus there was neither a significant difference in delta T2* nor 
in delta total iron content. In older thrombus we observed a decrease in RBC content and an 
increase of macrophage infiltration resulting in a higher difference in T2* relaxation time values 
and iron concentration pre and post VSOP injection. 
 
Figure 4.7- Absolute difference in average (a) T2* values [ms] and (b) total iron content [mg] in the 
thrombus pre and post VSOP injection at different time point during thrombus organisation. (*=P<0.05, 
&=P<0.01, §=P<0.001, ns: non significant) 
 
There was no clear relationship between the T2* value pre contrast and post VSOP injection 
(Figure 4.8a). However, thrombi at different time points are clearly clustered. Thrombi with 
higher fibrin content and therefore higher chance of successful outcome post thrombolytic 
therapy are highlighted in figures 4.8a and 4.8b. 
 
 Figure 4.8- Relationship between Thrombus T2* time pre-contrast [ms] and (a) its T2* time [ms] post 
VSOP injection and (b) the absolute difference between pre and post T2* times [ms]. Highlighted points 
show thrombus with higher fibrin content, and therefore higher chance of successful thrombolysis. 
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The relationship between the T2* relaxation time [ms] pre contrast and the absolute decrease in 
the T2* value post VSOP injection and the difference in the thrombus iron content pre (section 
2.4.3, Figure 2.9) and post contrast show a parabolic behaviour (Figure 4.9). In younger 
thrombus we observed short T2* relaxation times pre VSOP, low VSOP uptake and small 
differences in T2* relaxation time post injection. Those findings are due to the high thrombus 
RBC content and the lack of macrophage infiltration. In contrast, older thrombus showed the 
longer T2* relaxation times pre VSOP injection (because of the lack of RBCs) and moderate 
VSOP uptake. Thrombus at the intermediate organisation stage showed the highest uptake of 
VSOP and therefore the highest difference between T2* and iron content pre and post VSOP 
injection (Figure 4.9). 
 
Figure 4.9- Average thrombus T2* times [ms] before contrast and absolute difference in average (a) T2* 
values [ms] and (b) total iron content [mg] in the thrombus pre and post VSOP injection at different time 
point during thrombus organisation. (*=P<0.05, &=P<0.01, §=P<0.001, ns: non significant) 
 
4.4 Discussion 
Iron nanoparticles have a great potential to detect tissues with macrophage infiltration 
(102,105,106). Macrophage infiltration plays a major role during thrombus organisation and 
therefore its detection and quantification could improve the diagnosis of DVT and help to identify 
the stage of thrombus organisation (43,51,54). In this section we have shown that iron uptake is 
related with stage of thrombus organisation, however due to the presence of endogenous iron in 
RBCs it was difficult to differentiate between iron related to RBCs and VSOP.  
Even though iron nanoparticles have shown good potential to identify inflamed tissue (107,108) 
its use in venous thrombosis was found to be more challenging. Iron quantification using T2* 
- 92 - 
mapping only shows the total amount of iron (endogenous and exogenous) and does not allow 
to differentiate between these two iron populations. More studies are thus needed to identify the 
best protocol to differentiate between both pools of iron, and therefore to obtain accurate 
measures of macrophage infiltration in venous thrombus. 
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Chapter 5 Use of MRI for the identification of thrombus 
amenable for thrombolysis 
5.1 Aims and objectives 
In the previous Chapters we have shown that several MRI sequences can successful identify 
thrombus composition and allow differentiation between young and old thrombus. Additionally 
the use of a fibrin specific contrast agent can accurately quantify the total fibrin content of 
venous thrombus and therefore it is a very promising methodology to identify thrombi amenable 
for thrombolysis. 
In this Chapter we therefore sought to investigate whether of the previous studied sequences 
would allow identify thrombi that are susceptible for thrombolysis. 
The most promising sequences studied were: T2* mapping, T1 mapping, MTC, and fibrin 
specific MRI (FSMRI). In this chapter we used the mouse model of DVT and mice were scanned 
pre and post systemic thrombolytic treatment, which allowed identifying those parameters that 
allowed successful prediction of outcome. 
5.2 Materials and Methods 
DVT mouse model 
Venous thrombosis was induced in the inferior vena cava (IVC) of 8-10 weeks old male BALB/C 
mice as was described in section 1.5.1. MRI and thrombolytic treatment were performed at day 
2, 4, 7, 10, 14 and 21 following thrombus inductions. Six mice were scanned at each time point 
pre and 2 hours post injection of a gadolinium based, fibrin-specific MRI contrast agent, EP-
2104R (EPIX Pharmaceuticals, Lexington, MA) (56,57,93,94). Immediately after the last 
scanning session, systemic thrombolysis was carried out by a 5 minutes tail vein infusion of 10 
mg/kg of tissue plasminogen activator (Actilyse, Boehringer Ingelheim, Germany). 24 hours 
after thrombolysis, mice were scanned again 2 hours post EP-2104R injection (Figure 5.1). 
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Figure 5.1- Study design. Six mice were scanned at each time point (day 2, 4, 7, 10, 14 and 21) after IVC 
thrombosis induction Pre and Post EP-2104R injection, and post systemic thrombolysis. 
 
MRI Protocol 
Mice were anesthetized with 1.5-2% isofluorane and 100% oxygen delivered through a nose 
cone and scanned in prone position on a 3T Philips Achieva Gyroscan MR scanner (Philips 
Healthcare, Best, The Netherlands) equipped with a dedicated 47 mm small animal surface coil. 
A late gadolinium enhancement inversion recovery (LGE-IR) 3D segmented gradient echo 
(TFE) sequence was performed to selectively visualise thrombus pre and post contrast. 30 
slices were acquired starting above the renal veins and extending down to the union of the two 
common iliac veins (Figure 1.9). Imaging parameters included matrix size=448x448, acquired 
spatial resolution=100x100x500 µm, TR/TE=27.4/8.2 ms, flip angle=30°, TI=450 ms, and 2 
signal averages. In addition, T1 mapping of thrombus and blood before and after contrast 
injection were performed using the same protocol described in section 2.6.2. 
A 3D T2* multi-echo gradient echo sequence was used to calculate T2* maps from 30 slices as 
was previously described in section 2.4.2. 
The magnetization transfer rate (MTR) was obtained from dynamic T1FFE 3D images acquired 
without and with an on-resonance MT pre-pulse as described in section 2.5.2. 
A phase contrast sequence was performed to measure blood flow in the infrarenal IVC pre and 
post thrombolysis in order to evaluate the success of the thrombolytic therapy as described in 
section 1.6. 
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Image Analysis 
We calculated the average T2* relaxation time and MTR in each thrombus as well as the 
average T1 relaxation time pre and post EP-2104R injection, using the same methodology 
described in section 2.4, 2.5 and 2.6 respectively. 
We also calculated the visualised thrombus volume enhancement in the pre and post contrast 
images. On LGE-IR images, thrombus was defined as intravascular pixels with signal intensities 
greater than 2 standard deviations of the mean blood signal measured in normal vessel 
segments. On T1 maps thrombus size was estimated as intraluminal pixels with a T1 value 
lower than the measured blood T1 relaxation time in normal vessel segments minus two 
standard deviations.  
Phase contrast images were used to estimate blood flow in the IVC pre and 24 hours post 
thrombolytic therapy. Thrombolysis was considered successful if an increase in IVC blood flow 
greater than 50% was observed on 24 hours post lysis scans. 
5.3 Results 
Three mice died during thrombolytic therapy because of haemorrhage. The mean IVC flow in 
normal mice measured by MRI was: 0.55 ± 0.05 [ml/min]. There was a mean increase of IVC 
blood flow of 0.174 ± 0.06 [ml/min] (158% ± 86% with respect to pre-lysis IVC flow) following 
successful thrombolysis. In the unsuccessful thrombolysis group the mean increase in IVC flow 
was 0.002 ± 0.006 [ml/min] (1% ± 7% with respect to pre-lysis IVC flow) (Figure 5.2). 
 
 
Figure 5.2- IVC blood flows measured by phase contrast MRI pre and post thrombolytic treatment in the 
(a) successful thrombolysis group and (b) the unsuccessfully treated group. 
  
- 96 - 
Non-contrast MRI 
Figure 5.3 shows the thrombus average T1 relaxation time, T2* relaxation time and MTR for 
successfully and unsuccessfully lysed thrombi. T1 relaxation time was found to be a good 
predictor of thrombolysis outcome and a T1 of 750–800 ms was found to be a good threshold to 
differentiate between the successful and unsuccessful lysis (Figure 5.3a).  
As discussed in section 2.4.4, most of the unsuccessfully lysed thrombi had a short T2* 
relaxation time (less than 20 ms) or long T2* relaxation time (longer than 32 ms) (Figure 5.3b). 
In the first case the thrombi were found to be very young and full of RBCs, which is in 
agreement with the lytic resistance of the fibrin matrix surrounded by RBCs (66,86). In the 
second case, very old thrombus was identified which has no to little RBCs and therefore a long 
T2* value. The main component of these thrombi was collagen, which is not suitable for classic 
thrombolytic therapy. 
MTR values showed a less obvious trend. However, thrombi with higher MTR values were more 
resistant to lytic therapy (Figure 5.3c). 
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Figure 5.3-. Average T1 relaxation time (a), T2* relaxation time (b) and MTR (c) for successfully (black 
squares) and unsuccessfully (white triangles) lysed thrombi. 
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Figure 5.4 shows the relationship between T1 and T2* relaxation time as well as MTR for the 
successfully and unsuccessfully treated groups. The clustering of successfully lysed thrombi at 
lower T1 relaxation times shows that the average thrombus T1 relaxation time would be the 
best non-contrast enhanced predictor for thrombolytic outcome. 
 
Figure 5.4- Relationship between T1 relaxation time, T2* relaxation time, and MTR for successfully (black 
squares) and unsuccessfully (white triangles) lysed thrombi 
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Fibrin contrast agent 
Figure 5.5 shows the enhanced thrombus volume estimated from the T1 mapping images from 
the 33 treated mice at three stages of treatment: pre thrombolysis pre contrast agent injection, 
pre thrombolysis post EP-2104R injection, and post thrombolysis post EP-2104R injection. In 
the successful thrombolysis group the mean increase in the visualised thrombus volume pre 
and post EP-2104R before treatment was higher than in the unsuccessful thrombolysis group 
(11.75 ± 5.3 mm3 (239% ± 124%) vs. 1.46 ± 1.21 mm3 (41% ± 31%), P<0.001)). Twenty-four 
hours after thrombolytic therapy a decrease in the visualised enhanced thrombus volume was 
observed. The mean difference in the visualised enhanced thrombus volume pre and post 
thrombolysis was larger in the successful group (6.35 ± 2.8 mm3 (-38% ± 15%) compared to 
unsuccessful group (0.65 ± 1.20 mm3 (-12% ± 18%), P<0.001) (Figure 5.5). 
 
Figure 5.5- Visualized thrombus enhanced volume [mm3] estimated from pre and post contrast T1 
mapping images. Visualized enhanced thrombus volume before thrombolytic therapy increased 
significantly after EP-2104R injection in the successfully lysed animals (a) while there was little change in 
the unsuccessfully treated animals (b). After treatment a significant decrease in the visualized enhanced 
thrombus volume was observed in the successfully lysed groups but not in the unsuccessful group. 
 
Representative T1mapping images pre and post EP-2104R injection before thrombolytic 
treatment are shown for successfully and unsuccessfully lysed thrombus at the proximal, mid 
and distal thrombus level (Figure 5.6). Successfully and unsuccessfully lysed thrombus appears 
similar on pre contrast images showing low T1 relaxation time in the middle section of the 
thrombus and no clear thrombus delineation in the proximal and distal sections. However the 
area of contrast uptake post EP-2104R injection was significantly larger for successfully lysed 
thrombi compared to unsuccessfully lysed thrombus (Figure 5.6). 
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Figure 5.6- Representative images pre and post EP-2104R contrast agent injection for (a) unsuccessfully 
and (b) successfully lysed thrombus at three levels. Successful thrombolysis was associated with a larger 
visualized enhanced thrombus post EP-2104R and lower T1 relaxation time on T1mapping, which 
corresponded to a higher content of fibrin matrix and increased susceptibility to thrombolytic treatment 
(right). Unsuccessful thrombolysis was associated with little enhancement post EP-210R injection and 
small fibrin content in the thrombus. Recovery of IVC flow was observed in the successfully lysed cases 
(arrows). S: stenosis level in the IVC for thrombus formation. 
 
Average T1 relaxation times pre and post EP-2104R, and the change in the visualised 
enhanced thrombus volume before the treatment are shown in Figure 5.7 for a successfully and 
unsuccessfully lysed thrombus. Thrombi with larger contrast uptake, represented by a larger 
decrease in the T1 relaxation time and larger increase of the visualised enhanced thrombus 
volume on pre and post EP-2104R images before treatment were found to have better lysis 
results. The larger change in the T1 values and in the visualised enhanced thrombus volume 
between pre and post EP-2104R is related with a higher fibrin content of the thrombus. Thus, 
those thrombi contain more “available” targets for the thrombolytic therapy. 
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Figure 5.7- Average T1 relaxation time pre and post EP-2104R injection and the change in visualized 
enhanced thrombus volume pre and post contrast for successfully (black squares) and unsuccessfully 
(white triangles) lysed thrombi. 
 
ROC analysis 
Receiver operator curve (ROC) curve analysis (Figure 5.8) demonstrated that visualised 
thrombus volume on pre contrast IR MR images was not a good predictor for successful 
thrombolysis (AUC of 0.748; CI95%: 0.58–0.92) similar to the IVC flow pre lysis (AUC of 0.717; 
CI95%: 0.54–0.89). Mean T2* thrombus value also did not result in a good predictive value 
(AUC of 0.556; CI95%: 0.34–0.78). This poor result is mainly because the T2* relaxation time 
does not have a single cut-off point. Better results were obtained for the mean pre contrast 
thrombus T1 relaxation time resulting in an AUC of 0.893 (CI95% 0.79–0.99). From the ROC 
analysis, the optimal cut-off point of pre contrast T1 relaxation time is 774 ms, resulting in a 
sensitivity of 72% and specificity of 97% to predict successful thrombolysis. If we want to avoid 
the false positive patients, i.e. patients selected for thrombolysis but with thrombus that will not 
response to thrombolytic therapy, we should choose a cut-off point that maximizes specificity, 
and in this case the cut-off point will be 730 ms, resulting in a sensitivity of 53% and specificity 
of 100% to predict successful thrombolysis. On the other hand, we could choose a cut off point 
that discards the chance of successful thrombolytic treatment; this cut-off point would be 823 
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ms, resulting in a sensitivity of 67% and specificity of 100% to predict unsuccessful 
thrombolysis. 
If a cut-off point of T1<774 ms was selected, the probability to identify successful thrombolysis 
outcome was 82% (CI95%: 68%–95%). If we used a single cut-off point for T2*, like the value 
suggest by ROC analysis, T2*>19.9 ms, the probability to successfully predict thrombolysis 
outcome was 55% (CI95%: 37%–72%). However, if we defined two thresholds, 19.9 
ms<T2*<32 ms (Figure 5.4b), the probability to predict successful thrombolysis outcome was 
79% (CI95%: 65%–93%). If we combined T2* and T1 criteria, the probability to successfully 
predict thrombolysis outcome increased to 85% (CI95%: 72%–97%). However, the combination 
of T2* and T1 did not reach statistical difference compared to the use of the T1 relaxation time 
alone. 
Post EP-2104R injection, thrombus images showed much improved sensitivity and specificity 
for prediction of successful thrombolysis. The visualised enhanced thrombus volume post EP-
2104R had an AUC of 0.972 (CI95%: 0.95–1.00) and the difference between the pre and post 
EP-2104R visualised thrombus enhanced volume before treatment had an AUC of 0.992 
(CI95%: 0.98–1.00) (Figure 5.8). The thrombus T1 relaxation time post EP-2104R injection was 
found to have an AUC of 0.993 (CI95%: 0.98–1.00). A thrombus T1 relaxation time of less than 
630 ms on post EP-2104R images had a sensitivity of 94% and specificity of 99% to predict 
successful thrombolysis. If the increase in the visualised enhanced thrombus volume between 
pre and post EP-2104R was larger than 3.5 mm3, the sensitivity and specificity to predict 
successful lysis was 99% and 95%, respectively. 
5.4 Discussion 
In spite of the enormous disease burden associated with DVT there is still no consensus on the 
appropriate management of patients with this condition (1). A lack of “objective” criteria has 
resulted in most patients who are diagnosed with DVT being treated conservatively, often 
leading to re-thrombosis and chronic side effects such as PTS (7,10,24). The development of 
new thrombolytic drugs have stimulated the need for better diagnostic tools that allow 
identification of patients that are likely to benefit from these therapies while minimizing 
procedure related complications such as bleeding and intracerebral haemorrhage (13,17). 
 
- 103 - 
 
Figure 5.8- ROC curve analysis for the prediction of successful thrombolysis. The best predictors are the 
change in visualized enhanced thrombus volume pre and post EP-2104R injection and T1 relaxation time 
post contrast with AUC of 0.992 and 0.993 respectively. 
 
Here we demonstrate that the quantification of fibrin in a mouse model of DVT using a fibrin 
binding MRI contrast agent, EP-2104R, provides accurate information on the stage of venous 
thrombus organisation. In addition, it can be used to facilitate the identification of thrombi that 
are amenable to lysis. The results of this study confirm that EP-2104R not only improves 
diagnosis of VT by increasing the contrast-to-noise ratio between thrombus and surrounding 
tissues, as previously shown (58,93,109), but also shows that the molecular information 
provided could be used to identify thrombi suitable for lysis. The use of this approach may have 
potential to change current clinical management of patients suffering from DVT by improving the 
selection criteria of patients scheduled for thrombolytic therapy. 
In our model, very acute thrombi (day 2) showed low contrast uptake and this was associated 
with unsuccessful thrombolysis. Histological analysis showed that these thrombi had a less 
organized fibrin matrix located in the periphery of the thrombus and thrombus was mainly 
formed by platelets and red cells (Figure 3.3), which is agreement with the lytic resistance of the 
fibrin matrix containing red blood cells previously described by Wohner et al (66). Similarly, old 
thrombus showed little contrast uptake and a low fibrin but high collagen content on histology 
(Figure 3.3), and those thrombi were not amenable for thrombolysis either. 
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Furthermore, in this study we have used a constant dose of thrombolytic drugs expressed in mg 
per kg of mice. However, with the accurate estimation of the thrombus fibrin content, it may 
allow estimation of a patient specific thrombolytic dose in mg per mm3 of thrombus’ fibrin 
content. Such patient-specific treatment could further improve the likelihood of successful 
thrombolysis, and reduce the potentially fatal side effects of an unnecessarily high dose of 
thrombolytic agent. 
Conclusion 
We demonstrate that venous thrombus with an evolution time between 7 and 10 days showed 
the highest rate of successful thrombolysis in an experimental model of DVT while subacute 
(day 2) and older thrombus (day 21) responded poorly to thrombolytic therapy. As subacute 
thrombi were typically occlusive, platelet and red cell rich they provided limited access and 
suitable targets (i.e. fibrin) for current thrombolytic therapy (23,45,48,49,110). Older thrombus 
was primarily collagen rich and thus not amenable for thrombolytic therapy (45,48,49). This 
small “window of treatment” was accurately identified on the post EP-2104R images and 
provides an opportunity to improve staging and treatment of DVT. If these results were 
confirmed in humans, the use of a fibrin binding contrast agent would have great potential to 
change clinical assessment and treatment of DVT. 
Because EP-2104R has not been yet approved for use in humans, we also showed that the T1 
relaxation time of native thrombus could help identifying thrombus amenable for lysis. This 
methodology can be used on any MRI system used in clinical practice.  
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Chapter 6 Magnetic Resonance Angiography and Venography 
without the need of contrast agents 
6.1 Introduction 
Visualization of the vessel lumen of arteries and veins has proved clinically useful for the 
diagnosis of many vascular diseases like myocardial ischemia and infarction, stroke, peripheral 
artery disease, venous thrombosis, and pulmonary embolism, among others.  
Traditional angiography techniques require the administration of an iodinated intravascular 
contrast agent and provide excellent visualization of the vessel lumen either by X-ray or 
computed tomography (CT). The exposure to radiation and potentially nephrotoxic contrast 
agents limits their application. Most guidelines suggest avoiding the use of these techniques in 
children, pregnant women, elderly and patients with renal dysfunction (33-35,111). In addition, 
the risk of radiation related later complications preclude their use as a screening tool in the 
general population (112,113). 
Non-invasive contrast-enhanced Magnetic Resonance Angiography (CE-MRA) has been shown 
to be safe and effective and has a very low risk of renal failure after intravenous contrast agent 
injection (114-118). However there are some concerns of its use in pregnant women and people 
with renal dysfunction (119). Recent reports on Nephrogenic Systemic Fibrosis (NSF) after 
gadolinium administration (120) have increased the interest in non-enhanced MR angiography 
(121,122). 
In this work we propose two new techniques for the visualization of arteries and veins without 
the use of a contrast agent. The first technique is based on the ASL methodology and it is flow 
dependent, and the second is based on the use of a T2 preparation prepulse and is flow 
independent. 
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6.2 Arterial Spin Labelling Angiography using a Triple Inversion 
Recovery Prepulse (TIR4ASL) 
6.2.1 Introduction 
Arterial Spin Labelling (ASL) is a well-known angiography technique that does not require the 
use of contrast agents (61,123). ASL labels the upstream blood using a spatially selective 
inversion pulse (L) to generate image contrast in a downstream vessel or organ. During a given 
time delay the tagged blood flows into the area of interest and then can be imaged with an 
arbitrary imaging sequence. If this process is repeated with enabled (L) and disabled labelling 
pulses, subtraction of the two datasets will result in a bright-blood angiogram with minimal 
background signal (Figure 6.1). 
 
Figure 6.1- (a) Arterial spin labelling (ASL) sequence (16). In the first acquisition no selective inversion 
pulse is used. In the second acquisition a selective inversion labelling pulse (L) is applied. After a time 
delay (Labelling Delay) the labelled blood flows into the area of interest and the images are acquired with 
AQ-1 or AQ-2. (b) Schematic representation of the ASL principle including and the subtraction step to 
obtain the angiogram with minimal background signal. AQ-1: acquisition 1, AQ-2: acquisition 2 
 
Although ASL has been developed in the 80s (61), it is still clinically underused because of 
several challenges (121): 1) ASL typically requires two acquisitions (labelled and non-labelled 
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datasets) leading to an increased scan time, 2) secondly, the need of image subtraction 
increases the sensitivity for spatial misregistration and 3) thirdly the need of precise planning of 
the labelling slab and the choice of an optimal time delay for maximum blood to background 
contrast introduces some “operator dependence”. 
A new ASL approach, which partially solves some of these problems, has recently been 
proposed (124) (Figure 6.2). This method is based on a spatially selective dual-inversion (DIR) 
prepulse, which labels e.g. aortic blood-pool. The non-selective inversion pulse (nsIR, Figure 
6.2a) inverts the magnetization in the entire field-of-view while the spatially selective inversion 
pulse (sIR, Figure 6.2a) re-inverts the spins of upstream blood. An inversion time delay is used 
to allow the labelled blood to reach the imaging region and to null the magnetization of static 
tissue (Figure 6.2b). This approach has been shown to be efficient if the surrounding tissues 
have similar T1 relaxation times. In regions in which background tissues have a wide range of 
T1 values, the application of a single inversion time may be insufficient for simultaneous nulling 
of all tissues (Figure 6.2c). In these cases, the use of a subtraction technique may be 
necessary. In addition, as this technique has only one “optimal” inversion time delay, there 
exists a trade-off between background suppression and visualized vessel extent. 
Our goal was therefore to develop an ASL technique with good background suppression over a 
wide T1 range and with a more flexible time delay to individually adjust the visible vessel length 
and visualize vessels with slower blood flow, like the venous system. 
In this work we propose a new ASL sequence, which exploits the ability of two non-selective 
Inversion Recovery (IR) pulses and a set of optimum delays (TI1 and TI2) to null background 
signal over a wide range of T1 values (125) while maintaining signal in labelled blood using a 
third pencil beam or slab selective inversion pulse (TIR4ASL, Figure 6.3a) (62). This allows the 
acquisition of an angiogram with improved background suppression and without the need of 
subtraction. Because of the flexible delay time, this technique allows fitting the labelling pulse 
and the acquisition in 2 or 3 heartbeats; so that even venous vessels with slow flowing blood 
can be imaged with this technique. 
6.2.2 Theoretical Considerations 
The concept of two non-selective inversion pulses separated by two optimal delays (TI1 and 
TI2) allows signal suppression almost independent of T1 and was first demonstrated by 
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Yarnykh et al (125) for black-blood imaging pre and post contrast administration. The original 
implementation, quadruple inversion (QIR), consists of two double-inversion RF pulse pairs 
followed by two inversion delays TI1 and TI2. With a particular combination of parameters TI1 
and TI2, this technique allows to null the magnetization (Mz) of the inflowing blood over a wide 
range of T1 values. 
 
Figure 6.2- (a) DIR sequence (124). (b) A non-selective inversion pulse (nsIR) inverts the magnetization of 
the whole body and subsequently a spatially selective tagging pulse (sIR) reverts the magnetization of the 
protons in an upstream artery or vein. The images are acquired after a delay (inversion time) when the 
magnetization of surrounding tissues crosses the zero-point magnetization. (c) For anatomic regions in 
which the background tissues have a wide range of T1 relaxation times, the application of a single 
inversion time may be insufficient for cancelling the background tissue signal. 
 
In our implementation (TIR4ASL), we take advantage of the property of two non-selective 
inversion pulses to null the signal of background tissue independent of their T1 value while 
maintaining high blood signal using a third slab selective inversion pulse.  
The TIR4ASL prepulse is composed of two pairs of RF pulses (Figure 6.3a). The first pair 
consists of a non-selective inversion (+180x°) RF pulse followed by a slab selective re-inversion 
pulse (+180x°). The second pair of RF pulses consists of a non-selective inversion pulse 
(+180x°) followed by a navigator-restore pulse (+180x°) to restore the magnetization at the right 
hemi-diaphragm to facilitate navigator gating. With this configuration, the background tissue 
(tissue in imaging FOV) ‘experiences’ both non-selective inversion pulses and for optimized 
values of TI1 and TI2, the signal of background tissue can be suppressed over a wide T1 range 
(Figure 6.3b). In contrast, the upstream labelled blood effectively only ‘experiences’ the second 
non-selective inversion pulse because of the additional selective IR pulse, and with the right 
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choice of TI2 the Mz magnetization of the labelled blood should be restored at the time of 
imaging (Figure 6.3b-d). With the DIR sequence (Figure 6.3c) only one specific tissue with the 
“optimal” T1 value is crossing the null point of Mz at the moment of the image acquisition while 
the Mz of the other background tissues has either positive or negative magnetization. This 
behaviour explains why DIR cannot successfully suppress the entire background signal when 
the surrounding tissues have a wide range of T1 values.  
 
Figure 6.3- (a) TIR4ASL sequence. nsIR: Adiabatic non-selective inversion pulse. sIR: Selective inversion 
pulse, NR: Navigator restore pulse. N: Navigator, AQ: Image acquisition. (b-c) Diagrams of the Mz 
magnetization of static tissues with different T1 relaxation times and labelled blood with: (b) TIR4ASL and 
(c) Double Inversion (DIR-ASL) (23). (d) The graph shows the expected magnetization of static tissues and 
labelled blood according to Eq. 6.1-6.3. Parameters used were: RR/TI1/TI2=1000/424/146 ms. TIR4ASL: 
Triple inversion recovery for arterial spin labelling. 
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The steady state Mz magnetization of background tissue immediately before the imaging 
sequence and with a single echo acquisition (flip angle=α) is shown in Eq. 6.1 (modified from 
(125)). The labelled blood only experiences the second non-selective IR pulse. Since blood 
experiencing the labelling pulse is a mix of “fresh blood” and blood that has already experienced 
an inversion pulse in the previous cardiac cycle, the Mz magnetization of blood will be between 
the steady state (Eq. 6.2) and the free relaxation magnetization (fresh blood) solution of an 
inversion recovery prepulse (Eq. 6.3). With the right choice of TI1 and TI2, signal from static 
tissue can be suppressed over a wide T1 range while maintaining the signal of labelled blood 
(Figure 6.3b-d).  
 Eq. [6.1] 
    Eq. [6.2] 
      Eq. [6.3] 
To find the optimal inversion times we solved an optimization model, which maximizes the area 
between the magnetization of labelled blood and background tissue (Eq. 6.4) for T1 values 
between 400 ms and 1500 ms. To correct for data acquisition on signal behaviour, we simulated 
the prepulse together with a fast gradient echo acquisition with 20 RF excitations per RR 
interval with a flip angle of 30º. In this optimization model, the restriction [i] allows nulling the 
background signal. ξ (arbitrary units) provides an additional degree-of-freedom in order to select 
the strength of background signal suppression. Restriction [ii] restricts the prepulse to one RR 
interval (Figure 6.3a), however it could be restricted to 2 or 3 RR if longer labelling times 
(TI1+TI2) are needed. In the optimization model, we modelled the magnetization of labelled 
blood according to the free relaxation equation (Eq. 6.3). In this work we selected the T1minimum 
and T1maximum in the physiological range of T1 values between 400ms and 1500 ms (88).  
€ 
Mzbackground tissue =
1− exp(− RR T1)− 2 ⋅ exp(−TI2 T1) ⋅[1− exp(−TI1 T1)]
1− exp(− RR T1) ⋅ cos(α)
€ 
Mzlabeled blood =
1− exp(− RR T1)− 2 ⋅ exp(−TI2 T1)
1+ exp(− RR T1) ⋅ cos(α)
€ 
Mzlabeled blood = 1− 2 ⋅ exp(−TI2 T1)
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    Eq. [6.4] 
In order to use TIR4ASL for visualization of the venous system, we also developed a 
modification of this technique in which the pre-pulse and the image acquisition were fitted into 
two or three RR intervals (restriction ii, Eq. 6.4), which increase the labelling time (TI1 + TI2) 
and provide more time for the slower venous blood to flow into the area of interest (Figure 6.4). 
 
Figure 6.4- TIR4ASL sequence in 2 RR intervals, which increases the labelling time (TI1+TI2) and allows 
for venography. nsIR: Adiabatic non-selective inversion pulse. sIR: Selective inversion pulse, NR: 
Navigator restore pulse. N: Navigator, AQ: Image acquisition. 
 
6.2.3 Materials and Methods 
TIR4ASL prepulse: The TIR4ASL pre-pulse was implemented on a 1.5T Achieva Gyroscan MR 
scanner (Philips Healthcare, Best, NL). The non-selective pulses are adiabatic hyperbolic-
secant phase-modulated pulses of 10 ms duration. The slab selective RF pulse was an 
adiabatic pulse of hyperbolic-secant shape, with two-side lobes, bandwidth of 1,670 Hz, angle 
of +180x° and a duration of 5 ms for a slab thickness of 25 mm. The inversion delays TI1 and 
TI2 were chosen to maximize blood to background contrast, and the solution of the minimization 
problem (Eq. 6.4) was found numerically using Matlab (Mathworks, Natick, MA). 
Imaging sequence: TIR4ASL can be combined with any imaging readout. In this work we 
combined it with an ECG triggered 3D segmented k-space gradient echo readout and with a 
balance steady-state free precession (b-SSFP) readout. The imaging parameters included: 
FOV=350 mm and acquisition matrix=320x320 resulting in 1 mm in-plane spatial resolution and 
slice thickness=2 mm. For the gradient echo acquisition the following parameter were used: 20 
RF excitations per RR interval, TR/TE=5.5/1.68 ms and flip angle=30°. For the b-SSFP 
€ 

















[ii]  TI1+TI 2 ≤ RR− Acquisition window duration
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acquisition the following parameters where used: acquisition window: 120 ms, 7 start-up 
echoes, TR/TE=4.8/2.4 and flip angle=70°. A respiratory navigator and a fat suppression 
prepulse preceded the imaging sequence. All images were obtained using a 32-element cardiac 
coil. 
Experimental setup:  
Phantom validation: First we investigated the signal behaviour of the TIR4ASL sequence in a 
T1-phantom with samples ranging from 100 ms to 1600 ms. The labelling pulse was positioned 
over the bottles with T1 values similar to arterial blood, i.e. 1100 to 1500 ms to validate our 
simulations (Figure 6.5a).  
Arterial angiograms: To test TIR4ASL in vivo, renal angiograms were obtained in ten healthy 
adult subjects (8 men, mean age: 31 years old; range 26–40 years). The rest slab for blood 
labelling was positioned above the diaphragm extending to the aortic arch, and the imaging 
volume covered both kidneys (Figure 6.6). The respiratory navigator was positioned over the 
right hemi-diaphragm and a gating window of 7 mm was used. For comparison, we acquired 
three Double Inversion Recovery (DIR) renal angiograms using inversion times (TI) of 300, 450 
and 600 ms while maintaining all other imaging parameters. 
Venograms: To test the feasibility to use TIR4ASL to obtain venograms, we used this sequence 
to image three major venous systems susceptible of thrombosis: Portal, Renal and Iliac veins 
(6,126). We also tested the feasibility of obtaining pulmonary artery angiograms, which could be 
useful for the diagnosis of pulmonary embolism, the most common DVT complication. The 
planning of those protocols are shown in figure 6.7 for (a) Portal, (b) iliac, (c) Renal veins, and 
(d) pulmonary arteries. The location of the rest-slab for blood labelling defines the targeted 
vessels; for portal vein venography (Figure 6.7a) the rest slab was positioned over the 
abdominal cavity in order to label blood of the superior mesenteric and splenic veins; for the 
iliac venogram (Figure 6.7b), the rest slab was positioned over the pelvis to label the blood in 
the femoral and internal iliac veins. For renal venography (Figure 6.7c) the rest slab was 
positioned over the kidneys to label the inflowing blood of the renal arteries and the blood in the 
kidneys. For the pulmonary artery angiogram (Figure 6.7d), the rest slab was positioned in 
sagittal orientation over the heart, in order to label blood in the right and left ventricle that 
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subsequently will move into the pulmonary artery and aorta. In all cases the acquisition was 
oriented in the transverse plane with phase encoding in left-right direction. 
 
Figure 6.5- Validation of TIR4ASL in T1 phantom (RR/TI1/TI2=1000/424/146 ms). (a) Bottles with T1 
values ranging from 100 ms to 1650 ms. (1=340 ms, 2=505 ms, 3=1170 ms, 4=1310 ms, 5=1440 ms, 
6=1580 ms, 7=320 ms, 8=680 ms, 9=845 ms, 10=100 ms, 11=1020 ms, 12=1650 ms) acquired with 
T1weighted Gradient-Echo Imaging (b) Image obtained with TIR4ASL. The labelled bottles had a T1 value 
between 1100ms and 1600 ms. (c) Phantom and in vivo data for liver (*), kidneys (**), muscle (‡) and 
arterial blood (‡‡) (T1 values=580, 690, 1000 and 1250 ms, respectively) compared with the expected 
magnetization curves according to simulations. (d) Bland-Altman plot showing good agreement and no 
significant bias between simulations and acquired data in a T1 phantom. 
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Figure 6.6- TIR4ASL scan planning for renal artery acquisition. Segmented red box shows the position of 
the selective inversion pulse (rest slab) Green lines show the location of the Field of View (FOV) of the 
image acquisition. The respiratory navigator was located over the right hemi-diaphragm. 
 
 
Figure 6.7- TIR4ASL scan planning for (a) Portal vein, (b) iliac vein, (c) Renal vein, and (d) pulmonary 
arteries. Segmented red box shows the position of the selective inversion pulse (rest slab). Green lines 
show the location of the Field of View (FOV) of the image acquisition.  
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Image analysis: For comparison of the renal artery angiogram using TIR4ASL and DIR-ASL 
sequence, we evaluated the signal-to-noise ratio (SNR) of labelled blood and the contrast-to-
noise ratio (CNR) between blood and surrounding tissues: muscle, liver and kidneys (renal 
cortex). To evaluate the visualized vessel length we identified the renal artery branches in each 
protocol. The identified segments from proximal to distal were: Level A: abdominal aorta; Level 
B: proximal renal artery; Level C: renal artery before its main branches; Level D: main renal 
artery branches (anterior and posterior branches); Level E: segmental arteries; and Level F: 
Inter-lobar arteries. 
Statistics: Continuous data are expressed as the mean ± 1 SD. Data from different techniques 
were compared using a one-way ANOVA test. The measures of agreement between simulated 
and real data were measured using linear regression analysis and Bland-Altman method. All 
statistical analysis was done using SPSS Statistics software package release 19.0 (IBM 
Corporation, Somers, NY, USA). 
6.2.4 Results 
We identified a set of inversion delays (TI1 and TI2) that provided the optimum solution for 
different ξ values (Eq. 6.4). In table 6.1 a group of solutions for RR=800, 900 and 1000 ms, and 
for ξ=10.0 and 20.0 (arbitrary units) are shown. For a given RR interval, the total pre-pulse 
duration (TI1+TI2) increase with lower ξ values. For an RR interval of less than 1000 ms, with 
an acquisition window of 120 ms in mid-diastole, the lowest ξ that allows keeping prepulse and 
image acquisition in one RR interval was ξ=10.  
 
RR [ms] ξ [Arbitrary units] TI1 [ms] TI2 [ms] 
1000 10.0 424 146 
900 10.0 380 131 
800 10.0 335 115 
1000 20.0 407 123 
900 20.0 364 106 
800 20.0 321 86 
Table 6.1- Inversion times (TI1 and TI2) obtained from the optimization procedures for TIR4ASL sequence 
(Eq. 6.4) that maximize contrast between target blood and surrounding tissues for a given RR interval and 
ξ. A gradient echo readout with 20 excitations and a flip angle of 30° was chosen. 
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For venograms we perform the same optimization protocol but we used a “corrected RR” which 
is basically twice the RR interval for a given heart rate. Table 6.2 shows the optimal solutions for 
ξ=10.0. Longer labelling times (TI1 + TI2) and excellent background suppression was observed 







TI1 [ms] TI2 [ms] 
45 1,330 2,660 968 274 
50 1,200 2,400 904 264 
55 1,100 2,200 853 254 
60 1,000 2,000 798 244 
67 900 1,800 738 232 
75 800 1,600 671 218 
80 750 1,500 635 210 
85 700 1,400 599 202 
90 670 1,340 560 192 
Table 6.2- Inversion times (TI1 and TI2) obtained from the optimization procedures (Eq. 6.4) with the 
“Double RR” TIR4ASL methodology for venous angiograms 
 
Phantom Results: 
For the phantom acquisition we used the optimal parameters: RR/TI1/TI2=1000/424/146 ms. 
The signal intensity of bottles with similar T1 values as that of blood followed the solution of the 
steady state equation of an inversion recovery prepulse (Eq. 6.2) because of the absence of 
inflow effect (Figure 6.5b-c). Good agreement (y=0.8971x + 0.0349, R2=0.96, P<0.001) and no 
significant bias in Bland-Altman plots (Figure 6.5d) was found between simulations and 
acquired data in a T1 phantom. 
Renal Artery angiography: 
For renal angiography using TIR4ASL we used the scan planning showed in Figure 6.6 and the 
following optimal parameters (ξ=10): RR/TI1/TI2=1000/424/146 ms and 900/380/131 ms. The in 
vivo signal behaviours of tissues such as liver, kidneys and muscle and of labelled arterial blood 
are shown in Figure 6.5c. The signal of background tissues is almost completely suppressed 
while the signal intensity of labelled blood is between the solution of the steady state (Eq. 6.2) 
and free relaxation (fresh blood) (Eq. 6.3) magnetization, which supports our hypothesis that 
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labelled blood is a mix of fresh blood with fully recovered magnetization and blood that has 
already experienced an inversion pulse in a previous cardiac cycle. 
Renal arteries including small branches were successfully visualized with TIR4ASL in all 
subjects. Figure 6.9 shows representative abdominal aorta angiograms obtained using 
TIR4ASL, showing the abdominal aorta main branches: superior mesenteric, celiac trunk and 
renal arteries including their main branches and the segmental arteries. 
 
Figure 6.8- Expected magnetization of static tissues and labelled blood according to Eq. 6.1-6.3 for the 
“double RR” protocol. Parameters used were: (a) RR/TI1/TI2=1340/560/192 ms; (b) 
RR/TI1/TI2=2000/798/244 ms; (c) RR/TI1/TI2=2660/968/274 ms (Table 6.2) 
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Figure 6.9- Maximum Intensity Projection (MIP) reconstruction showing different projections of the labelled 
blood in the abdominal aorta and its main branches: superior mesenteric, celiac trunk and renal arteries, 
including the distal renal branches: segmental and inter-lobar arteries. 
 
TIR4ASL effectively suppressed the background signal over a wide range of T1 values as 
predicted by our simulations. Representative slices for TIR4ASL and DIR-ASL are shown at the 
level of renal arteries in the same subject (Figure 6.10a-d) demonstrating improved blood to 
background contrast with TIR4ASL. 
The SNR of blood with TIR4ASL is almost 3 fold higher of that obtained with DIR-ASL (P<0.001) 
(Figure 6.11a). The CNR between blood and background was increased approximately 5 fold 
with TIR4ASL compared with DIR-ASL (P<0.001) (Figure 6.11b). DIR-ASL visualized the aorta 
and renal arteries from their origin in the abdominal aorta (level A) until their main branches 
(level C) with the three delays used. Renal arteries at level D were only visualized by DIR-ASL 
with delays of 450 and 600 ms (Figure 6.10c). None of the DIR-ASL images clearly visualized 
the segmental arteries, partially because the labelled blood did not have sufficient time to reach 
this distal area and because of the high background signal from the kidneys because of the long 
inversion time delay (TI). In contrast TIR4ASL clearly visualized the renal artery until their 
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segmental branches (level E) (Figure 6.11c) and in 4 of the 10 volunteers (40%) the inter-lobar 
arteries were also partially visualized.  
 
Figure 6.10- Transverse slice at the renal artery level demonstrating improved background suppression 
with TIR4ASL (e) compared with DIR-ASL (inversion time (TI) of 300 ms (f), 450 ms (g) and 600 ms (h)). 
L=liver; M=muscle; K=kidneys; nav=respiratory navigator artefact. 
 
Venograms: 
Portal venography and renal venography were successfully obtained with TIR4ASL using the 
“double RR” protocol. Figure 6.12 shows the MIP reconstruction of the portal venogram, 
showing clear delineation of the splenic veins, superior mesenteric vein, and the portal vein and 
its main and segmental branches in healthy volunteers. Excellent background suppression and 
clear vessel lumen definition were obtained wit TIR4ASL–double RR protocol. 
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Figure 6.11- SNR (a) and CNR (b) of labelled blood and background tissue (muscle, liver, kidneys) for 
TIR4ASL (RR/TI1/TI2 = 1000/424/146 ms) and DIR (TI = 300, 450, and 600 ms) (*) P<0.001. (c) CNR 
between labelled blood and kidneys at different levels (from proximal to distal: Level A: abdominal aorta; 
Level B: proximal renal artery; Level C: renal artery just before its main branches; Level D: main renal 
artery branches (anterior and posterior branches of renal artery); Level E: segmental arteries and Level F: 
Inter-lobar arteries). 
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Figure 6.12- Maximum Intensity Projection (MIP) reconstruction of the Portal Veins using TIR4ASL. 
Anterior (a) and oblique (b) views are shown. Because of the rest-slab location, it is possible to visualize 
the portal vein and its main and segmental branches, the superior mesenteric vein, the splenic vein, and 
the inferior vena cava (IVC). 
 
Figure 6.13 shows transverse slices at different abdominal levels in a healthy volunteer showing 
the renal veins (6.13a) and arteries (6.13b). Because the rest slab was located over the kidneys 
it was possible to visualize both renal veins. In case of the renal arteries the rest slab was 
located over the heart and the image shows the labelled blood both in the abdominal aorta and 
the renal arteries. 
Iliac arteries and veins were also successfully imaged using TIR4ASL. First, the rest slab was 
located over the abdominal aorta and the iliac artery angiograms were obtained, showing a 
good delineation of the distal portion of the abdominal aorta, the common iliac arteries until their 
main bifurcation (Figure 6.14a). The imaging of the iliac veins represent a more challenging 
task, firstly because of the slow movement of the venous iliac blood, and secondly because the 
rest slab position. It just labelled a small volume of blood in the femoral and internal iliac veins 
(Figure 6.7b). However it was possible to visualize the iliac vein from the confluence of the 
internal and external iliac vein until the distal portion of the inferior vena cava (Figure 6.14b). 
The image shows a decrease in the signal intensity from the iliac vein until the IVC, and this 
effect could be explained because the small volume of labelled blood. We hypothesise that this 
problem could be solved using a flow independent technique that will be presented in the next 
section. 
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Figure 6.13- Transverse view of the right and left (a) renal veins and (b) renal arteries obtained with 
TIR4ASL. IVC: inferior vena cava 
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Figure 6.14- Maximum Intensity Projection (MIP) reconstruction of the (a) Iliac artery and (b) iliac veins 
using TIR4ASL. 
 
Pulmonary artery angiogram: 
Pulmonary angiograms were obtained in 10 healthy volunteers. Figure 6.15 shows a 
representative MIP reconstruction of the pulmonary angiograms. It is possible to visualize the 
right and left pulmonary arteries, and some of their lobar and segmental arteries. The images 
also show the Aortic arch and some residual signal from the heart, where the rest slab was 
located. 
6.2.5 Conclusion and Discussion 
The visualization of lumen integrity is an important diagnostic tool in medicine. The small 
difference in T1 relaxation time between blood and surrounding tissue often leads to insufficient 
contrast and thus inadequate vessel visualization and delineation for diagnostic purposes. This 
problem can be addressed by the use of extracellular or intravascular contrast agents, which 
improve vessel visualization, but its application in children, pregnant women or patients with 
renal dysfunction is not recommended except in clinically justified situations. 
The DIR-ASL (124) technique partially solves these problems, however, this methodology 
cannot completely null signal from the background tissue over the entire FOV. Thus, contrast 
between the vessel lumen and background tissue may be decreased, leading to suboptimal 
vessel delineation.  
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Figure 6.15- Pulmonary Artery Angiography using TIR4ASL 
 
The use of multiple inversion pulses to reduce the background signal in ASL angiograms was 
proposed almost 20 years ago (127), however this approach requires image subtraction. 
Recently, Yarnykh et al (125) has shown that with the use of two inversion pulses and optimal 
inversion delays, background signal can be nulled over a wide range of T1 relaxation times. In 
the present study, we demonstrate that adding a third slab selective inversion pulse (TIR4ASL) 
allows the acquisition of a non-contrast enhanced MR angiogram with excellent background 
suppression without increasing scan time. In comparison to DIR-ASL, TIR4ASL yielded higher 
blood signal, better background suppression and improved vessel delineation.  
TIR4ASL provides an alternative for non-contrast enhanced angiography and addresses the 
challenges of traditional ASL techniques. TIR4ASL only requires one image acquisition and 
obviates the subtraction step. As TIR4ASL provides a group of optimal inversion times it is more 
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flexible and allows adjusting the extent of visible vessel without significantly compromising the 
suppression of background tissue. The optimal inversion delays only depend on the patient’s 
heart rate and the prior defined strength of background signal suppression. Thus, it has 
potential to be applied in a clinical setting due to the minimized ‘operator dependence’. 
Because of the excellent background suppression and the long total labelling delay (TI1 + TI2), 
TIR4ASL even allows visualizing small side artery branches (e.g. segmental and inter-lobar 
arteries), and thus provides a promising tool for clinical applications requiring side branch 
visualization. Additionally the “double RR” protocol allows to further increase the labelling delay 
and thus also to visualize the venous system, like portal and renal veins. 
TIR4ASL was implemented using a slab selective inversion pulse, but it also could be combined 
with a pencil beam inversion pulse, thereby allowing to selectively label arteries or veins and to 
investigate their individual contribution to tissue perfusion (123). Similarly, with the use of a 
pencil beam it could be feasible to label aortic and left ventricular blood to obtain coronary artery 
angiograms as previously shown by Katoh and co-workers using DIR-ASL (124). 
One potential limitation of TIR-ASL may be the need of a constant heart rate in order to reach 
the steady state of the background tissue magnetization. Simulations show that even for a 
change in heart rate of ±10% background suppression is almost unaffected (Figure 6.16), which 
demonstrates the robustness of this technique with respect to heart rate variation.  
In conclusion, TIR-ASL has been successfully demonstrated to obtain non-contrast enhanced 
angiograms and venograms in phantom and volunteer studies and may have potential to screen 
asymptomatic patients with suspected vascular disease or to follow patients after medical or 
interventional treatment. TIR-ASL is contrast-free and could be applied in children, pregnant 
women, elderly people and patients with renal dysfunction. In areas with very slow flow, like 
limb areas, a flow insensitive technique should improve our results. 
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Figure 6.16. Simulation of the effect of heart rate variation (± 10% bpm) on the steady state longitudinal 
magnetization (Mz) of background tissue. Baseline: heart frequency=60 bpm, RR/TI1/TI2=1000/424/146 
ms. +10% bpm: heart frequency of 66 bpm (RR=909 ms) and -10% bpm: 54 bpm (RR=1111 ms). 
 
6.3 Flow independent Venography using a Dynamic T2-preparation 
acquisition 
6.3.1 Introduction 
The main challenge of flow dependent angiography sequence like ASL or TIR4ASL is that they 
rely on blood flow, which may be insufficient in some areas, like the limbs and in patients with 
vascular diseases. This problem is particularly important in the venography, where the venous 
blood flow is naturally slow and could be even slower in pathologic cases. 
In this section we propose to use a balanced Steady-State Free Precession (b-SSFP) sequence 
(128) and the T2preparation pre-pulse (64) in order to decrease the signal of the background 
tissue and maintain the signal of venous and arterial blood, and therefore obtain a flow 
insensitive venogram. We optimized the protocol to obtain venograms and finally we propose a 
combined protocol between b-SSFP T2prep and TIR4ASL, which successfully visualizes the 
veins without the need of a contrast agent. 
6.3.2 Theoretical Considerations 
Balance SSFP is a modified gradient echo sequence in which a non-zero steady state develops 
for both components of magnetization (transverse and longitudinal) and also a condition where 
the TR is shorter than the T1 and T2 times of the tissue. If the RF pulses are close enough 
together, the MR signal will never completely decay, implying that the spins in the transverse 
plane never completely dephase. While the classical spin echo sequence either shows a T1- or 
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a T2-weighted contrast, b-SSFP, exhibit a relatively complicated contrast that is composed of 
T1 and T2 contributions, and in a simplified way the contrast is proportional to T2/T1 ratio 
(128,129). b-SSFP sequence has been successfully used in cardiovascular applications 
because of the T2/T1 ratio of arterial blood is larger than of most of other tissues (128). 
T2 preparation (T2prep) is a pre-pulse that has been successfully applied to increase the 
contrast between coronary arteries and surrounding tissues, such as myocardium and fat, 
based on their T2 differences (64) (T2arterial blood=290ms, T2mucle=40ms) (88). In the presence of 
this pre-pulse, signal from tissues with a shorter T2 relaxation time decay faster while signal 
from tissues or fluids with longer T2 is maintained. Because arterial blood has a long T2, its 
signal only decays slowly while signal of muscle decays more rapidly, thereby increasing the 
contrast between arterial blood and myocardium (64,130). 
A simulation of the steady-state magnetization using b-SSFP as a function of the T2prep 
duration is shown in Figure 6.17 for three different tissues: arterial blood (T1=1200 ms, T2=290 
ms), venous blood (T1=1200 ms, T2=60 ms), and muscle (T1= 800 ms, T2=40 ms) (88). 
Static tissue (muscle) experiences the RF pulses of the non-selective T2prep and the RF pulses 
of the image acquisition every heartbeat. Arterial blood outside the imaging volume only 
experiences the RF pulses of the T2prep while arterial blood within the imaging volume 
experiences both the T2prep and the imaging sequence. Venous blood should have an 
intermediate behaviour, because its flow velocity is slower than that of arterial blood. For the 
purpose of this simulation we will consider venous blood as a “static tissue”. The parameters 
considered for the simulation included: TR/TE=4.4/2.2 ms, flip angle of 70º, 7 dummy echoes, 
acquisition window of 120 ms, and 27 lines acquired per heartbeat. We used a heart rate of 60 
beats/min (RR interval of 1000 ms). The T2 preparation prepulse was simulated with 2 adiabatic 
refocusing 180º pulses, with a spoiler gradient at the end of the pre-pulse and with a variable 
duration (T2prep duration). The steady state magnetization of the three tissues was simulated in 
the centre of k-space. Two cases were simulated, b-SSFP acquisition with and without T2prep 
(Figure 6.17). 
In the b-SSFP acquisition without T2prep the magnetization of arterial blood is the highest 
because it has a longer T2 relaxation time than other tissues, and as the ratio consequently 
T2/T1 is biggest for arterial blood. Muscle and venous blood have similar magnetization 
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because they have similar a T2/T1 ratio. This is why this sequence has been successfully used 
to image the coronary arteries as it can suppress signal from the myocardium and venous 
blood, while maintaining the signal of coronary artery blood. When b-SSFP is combined with a 
T2prep prepulse, it is possible to further increase the contrast between venous blood and 
muscle. In fact, Figure 6.17d shows that there is an optimum T2 preparation duration that 
maximizes the contrast between these two tissues, which is around 60 ms. In this simulations 
we have assumed that venous blood behaves like “static-tissue”, and therefore we would expect 
that the actual venous blood magnetization should be slightly higher than in our simulations. 
 
Figure 6.17- Balance SSFP acquisition simulation for muscle and arterial and venous blood with (c) and 
without (b) T2 preparation (a) pre-pulse (T2prep). Without T2prep there is a negligible difference between 
the magnetization of venous blood and muscle, however with T2prep this difference is increased, and 
reaches a maximum when T2prep duration is around 60-70 ms (d) for a heart frequency of 60 bpm (RR-
interval=1,000 ms). 
 
6.3.3 Materials and Methods 
Experimental setup: We acquired b-SSFP images of the pelvis with and without T2prep in ten 
healthy adult subjects (8 men, mean age: 31 years; range 26–40). We used a T2 preparation 
pre-pulse (64,130) with a duration of 70 ms and 2 non-selective, adiabatic, 180° refocusing 
pulses. In the same group of volunteers we also applied a TIR4ASL protocol to image the iliac 
arteries using the planning showed in Figure 6.7a. 
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Imaging sequence: For the b-SSFP acquisition we used a 3D balanced Steady State Free 
Precession gradient echo sequence, with phase encoding in left-right direction. Imaging 
parameters included flip angle=70°, TR/TE=4.4/2.2 ms, acquired matrix=250x250, slice 
thickness=4 mm, acquired resolution=1x1 mm2, reconstructed resolution=0.5x0.5 mm2, and 70 
reconstructed slices; acquisition window=120 ms, mid-diastolic trigger delay and a low-high 
profile order for k-space filling. A fat suppression pre-pulse preceded the imaging sequence. All 
images were obtained using a 32-element cardiac coil. For the TIR4ASL acquisition we used 
the same parameters as described in section 6.2.3. 
Image analysis: Image post processing was performed using custom-made software 
implemented in Matlab (Mathworks, Natick, MA, USA) and OsiriX (The Osirix Foundation, 
Geneva, Switzerland). 
6.3.4 Results 
Figure 6.18 shows a representative transverse slice of the pelvis acquired with b-SSFP with 
(T2prep(+)) and without (T2prep(-)) T2 preparation pre-pulse. The application of the T2prep pre-
pulse suppressed signal of muscle, but maintained both signal of arterial and venous blood. 
Figure 6.19 shows the MIP reconstruction of both protocols: b-SSFP without (6.19a) and with 
(6.19b) T2prep. In both cases it was possible to reconstruct the inferior cava vein (IVC) and the 
Aorta, however vessel delineation and background suppression was improved with the 
T2prep(+) protocol. 
 
Figure 6.18- Transverse slice at the pelvis level acquired using a b-SSFP protocol without (a) and with (b) 
a T2 preparation pre-pulse (T2prep) 
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Figure 6.19- MIP reconstruction of the distal abdominal Aorta and Inferior Vena Cava (IVC) from a dataset 
acquired using a b-SSFP sequence without (a) and with (b) T2 preparation pre-pulse (T2prep) 
 
In the reconstructed MIP in both b-SSFP protocols it was possible to visualize the Aorta and the 
IVC, and both angiograms were obtained in flow insensitive way. With this technique, however, 
it is not possible to separate veins from arteries. In the previous section we demonstrated that 
the TIR4ASL protocol is a robust technique for imaging arterial blood, while it is less robust for 
imaging very slow flowing venous blood. In order to obtain non-contrast enhanced venograms 
we used the aortic and iliac artery images obtained with TIR4ASL (Figure 6.19b) as a mask, 
and then subtracted the b-SSFP images to obtain a “selective” venogram (Figure 6.20c for b-
SSFP without T2prep and Figure 6.21c for b-SSFP with T2prep). 
In both cases (b-SSFP with and without T2prep) it was possible to obtain a non-contrast 
enhanced and flow insensitive venogram. We found that the T2prep(+) images showed slightly 
less noise and better background suppression compared to the T2prep(-) images. 
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Figure 6.20- MIP reconstruction of the distal abdominal Aorta and Inferior Vena Cava (IVC) from (a) 
dataset acquired using b-SSFP without T2prep. (b) TIR4ASL MIP generated from a TIR4ASL protocol; (c) 
Subtraction of (a) and (b) showing the IVC venogram. (d) MIP reformatting showing the distal aorta and 
the iliac arteries in red, and the distal IVC and the iliac veins in blue 
 
6.3.5 Conclusion and Discussion 
In this chapter we demonstrate the feasibility to use a flow-independent protocol to obtain 
venograms in areas with very slow blood flow like the iliac veins. The b-SSFP protocol showed 
good visualization of the veins and arteries, however it is not possible to obtain a selective 
venogram using this protocol. However, the combination of b-SSFP and TIR4ASL allowed 
obtaining a flow-independent venogram without the use of contrast agent even in veins with 
very slow flowing blood. 
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Figure 6.21- MIP reconstruction of the distal abdominal Aorta and Inferior Vena Cava (IVC) from (a) 
dataset acquired using b-SSFP with T2prep. (b) TIR4ASL MIP generated from the TIR4ASL protocol; (c) 
Subtraction of (a) and (b) showing the IVC venogram. (d) MIP reformatting showing the distal aorta and 
the iliac arteries in red, and the distal IVC and the iliac veins in blue 
 
One potential limitation of this protocol is the need for two acquisitions, which effectively 
doubles the scan time. Nevertheless the whole protocol takes less than 15 minutes and has 
many advantages, such as obviation of radiation and it does not require the use of intravascular 
contrast agents which it a great advantage in pregnant women, children and patients with renal 
dysfunction. 
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Chapter 7 New methodology to evaluate patients with DVT 
In this work we have investigated different MR imaging techniques that could facilitate the 
diagnosis of venous thrombosis, improve the selection criteria for thrombolytic treatment and 
reduce the exposure to X-ray radiation and intravenous ionizing contrast agents. 
The majority of our results have been obtained in a mouse model of venous thrombosis and 
therefore have to be first validated in humans before new clinical guidelines for the diagnosis 
and therapy selection of DVT patients can be proposed. However, here we will assume that our 
results will be replicated in humans and based on this assumption suggest the following new 
diagnosis methodology for DVT patients that include our main findings (Figure 7.1). 
DVT diagnosis should continue using D-Dimer and ultrasonography as the first-line diagnostic 
tools in patients with suspected DVT. Both techniques are non invasive, not expensive and 
widely available (Figure 7.1).  
According to the current guidelines (Figure 1.3), DVT will be ruled out in patients with low risk of 
venous thrombosis and negative D-dimer (Figure 7.1). In patients with low or moderate risk and 
discordant results from ultrasonography and D-dimer, non-contrast enhanced MRI will be 
recommended in order to obtain MR venography, which should provide the same information as 
the currently used phlebography techniques, but without the use of iodinated contrast agents. In 
patients with high risk of venous thrombosis and normal ultrasonography, non-contrast MR 
venography would be the confirmation examination as phlebography in the current guidelines. 
The proposed approach of DVT diagnosis has the advantage that is does not require X-rays or 
intravenous contrast media therefore could be used in children, pregnant women, older people 
and patients with renal dysfunction. 
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Figure 7.1- Suggested diagnostic approach in outpatients with suspected DVT without the use X-rays and 
intravascular contrast agent 
 
In patients in whom DVT has been confirmed, we propose the following decision tree to choose 
the right treatment (Figure 7.2): Obtain a 3D T1 map of the thrombus. If the average thrombus 
T1 relaxation time is less than 730 ms the patient should be considered for thrombolytic 
therapy. This threshold had a specificity of 100% to select a mouse that will have a positive 
outcome post thrombolytic treatment (section 5.3). However this threshold may exclude a group 
of patients that would benefit from thrombolytic treatment because its sensitivity is very 
moderate (53%, section 5.3). In mice with thrombus T1 times longer that 823 ms our data 
shown that the chance of successful thrombolysis is extremely low (section 5.3). Therefore they 
would be managed using the current conservative approach with anticoagulation. 
In patients with thrombus T1 relaxation times longer than 730 ms but shorter than 823 we 
propose to obtain another T1 map post EP-2104R injection in order to increase the sensitivity of 
the decision tree but without increase of false positive patients. 
If the post-EP-2104R T1 relaxation time is shorter than 630 ms, this patient should be 
considered for thrombolytic therapy (Figure 7.2).  
In this decision tree we are currently not considering the potential benefits of the accurate 
estimation of the thrombus fibrin content that may allow estimation of a patient specific 
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thrombolytic dose in mg per mm3 of thrombus’ fibrin content. Such patient-specific treatment 
could further improve the likelihood of successful thrombolysis, and reduce the potentially fatal 
side effects of an unnecessarily high dose of thrombolytic agent. Further studies are needed to 
validate this potential benefit. 
 
Figure 7.2- Suggested treatment decision tree for patients with confirmed venous thrombosis diseases 
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Chapter 8 Conclusion and Future Works 
8.1 General Conclusion 
In spite of the enormous disease burden associated with DVT there is still no consensus on the 
appropriate management of patients with this condition (1). A lack of “objective” criteria has 
resulted in most patients who are diagnosed with DVT being treated conservatively, often 
leading to re-thrombosis and chronic side effects such as PTS (7,10,24). The development of 
new thrombolytic drugs have stimulated the need for better diagnostic tools that allow 
identification of patients that are likely to benefit from these therapies while minimizing 
procedure related complications such as bleeding and intracerebral haemorrhage (13,17). 
Additionally, the actual gold standard for the diagnosis of DVT is contrast venography 
(phlebography) (30,31). This technique is invasive, expensive, exposes the patient to a high 
dose of radiation, and can cause complications related to nephrotoxicity and allergic reactions 
to iodinated contrast agents (32). Phlebography relies on the anatomy of the venous system 
and lacks physiological information. Additionally, most guidelines suggest avoiding the use of 
iodinated contrast agents in pregnant women, elderly and patients with renal dysfunction (33-
35), who, paradoxically, are the patients with the highest risk of developing DVT (6). 
Therefore there is a need for a less invasive diagnostic technique and new methodologies that 
provide molecular information of thrombus composition at the moment of diagnosis. 
In order to study venous thrombosis we used the St Thomas’ mouse model of venous 
thrombosis, which is highly reproducible (>95% of animals have thrombosis), has low mortality 
(<1%) and produces thrombi with a similar structure to those found in man (44). We performed 
all our imaging studies using a clinical 3T MR scanner (Achieva Gyroscan, Philips Healthcare, 
Best, The Netherlands) in order to facilitate translation of our results into clinical practice. 
One of the main advantages of Magnetic Resonance Imaging (MRI) over other diagnostic 
imaging modalities is the excellent soft tissue contrast. MR pulse sequences can be designed to 
emphasize different tissue properties.  
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In Chapter 2 we demonstrated that it is feasible to visualise mice IVC thrombus in vivo and 
obtain several MRI parameters like: MTC, ADC, T2* and T1 relaxation times of thrombus during 
its organization stages. We have shown that the T2* time is shortest in the very early stages of 
thrombus organisation because of the high content of RBCs and therefore haemoglobin and 
iron. This effect decreases during thrombus organisation and it is very well correlated with the 
decrease in the content of RBCs in the thrombus. We demonstrated that the shortening of the 
thrombus T1 relaxation time during its organisation is due to methemoglobin formation and the 
availability of free water protons in the thrombus. These findings confirm that the MR signal 
changes during the different stages of thrombus organisation are correlated with the biological 
process occurring inside the thrombus. We have shown that T1 and T2* mapping are very 
useful to detect different stages of thrombus organisation and therefore could be useful to guide 
medical decisions. 
In Chapter 3 we have demonstrated that quantification of the thrombus fibrin content in a mouse 
model of DVT using a fibrin binding MRI contrast agent, EP-2104R, provides accurate 
information on the stage of thrombus organisation. The absolute decrease in thrombus T1 
relaxation time post contrast and the change in the visualized thrombus enhanced volume pre 
and post contrast were very well correlated with the histologically measured fibrin content and 
provided useful information on the stage of thrombus organisation. 
In Chapter 4, we used a superparamagnetic very small iron oxide particle (VSOP) to identify 
macrophage infiltration during thrombus organisation. Our results showed that quantification of 
nanoparticle uptake using T2* mapping was related with stage of thrombus organisation, 
however due to the presence of endogenous iron in the thrombus it was difficult to differentiate 
between iron from RBCs and VSOP. T2* mapping did not allow a good differentiation between 
both sources of iron.  
In Chapter 5 we used T1 and T2* mapping and quantification of EP-2104R uptake to identify 
venous thrombi amenable for thrombolysis. In our mice DVT model, we demonstrate that 
venous thrombus with an evolution time between 7 to 10 days showed the highest rate of 
successful thrombolysis, while subacute (day 2) and older thrombus (day 21) responded poorly 
to thrombolytic therapy. This small “window of treatment” was well identified with T1mapping 
without pre contrast injection. However this technique did not provide good selection criteria to 
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minimize false positive and true negative findings. In order to increase the sensitivity and 
specificity of the selection criteria, we studied the predictive value of the post EP-2104R images, 
and found that they provided the best information to identify thrombus that has the highest 
likelihood of successful thrombolytic treatment outcome. 
In Chapter 6, we developed a new non-contrast spin labelling sequence for Magnetic 
Resonance Angiography that could be used to visualize the venous systems and therefore to 
facilitate the diagnosis of DVT, and providing the same morphological information as 
phlebography, but without the exposure to X-ray and without the need for intravascular contrast 
agents. 
Finally in Chapter 7, we proposed a new methodology for the diagnosis of DVT and a new 
guideline to choose the right treatment based on our results. Most of the decision algorithm 
could be done without the need of a contrast agent, and the use of EP-2104R is reserved for a 
group of cases where the thrombus relaxation time pre contrast is not sufficient to make a 
decision, and more information is needed to choose between invasive or conservative 
treatment.  
The translation of our results to humans may have great potential to change current clinical 
management of patients suffering from DVT by improving the diagnosis and the selection 
criteria of patients scheduled for thrombolytic therapy. 
8.2 Limitations of the study 
The main limitation of our work is the use of a murine model of deep venous thrombosis. DVT is 
not known to occur in mouse naturally. Therefore drawing parallels to the human condition may 
be questionable. The thrombus in the mouse model is created in the inferior vena cava, which 
does not contain valves. This is in contrast to DVT in humans which generally develop in the 
vicinity of venous valves, and which can lead to the post-thrombotic syndrome (PTS). For both 
ethical and financial reasons inducing thrombi in larger animal models, including primates, has 
generally been reserved to testing therapy immediately prior to entering human trials. It is 
however likely that performing MRI on animals closer to the size of man would have been easier 
as thrombi could have been more readily visualised. However the St Thomas’ mice model of 
venous thrombosis has been used for more than 15 years and it has shown similar histological 
and physiological characteristics compared to human venous thrombi. 
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We tested all venous thrombus sequences in a mouse DVT model and in in-vitro human clots. 
Further studies are needed to evaluate the reproducibility of our results in human venous 
thrombus in-vivo. 
Additionally, the successful thrombolysis criterion that we have used was an arbitrary cut off of 
over 50% improvement in IVC blood flow. In man, outcomes of successful thrombolysis would 
be better measured by serial examination to include re-thrombosis rate and more importantly 
the development of PTS. As there are no established methods to examine PTS rates in the 
mouse, it is difficult to ascertain whether identification of lysable thrombi would result in better 
outcomes.  
8.3 Future works 
The main challenge of this work is to validate the results in patients. The first step would be to 
introduce the T1 mapping protocol without contrast agent as a routine clinical examination in all 
patients admitted with suspected DVT. In patients who have clinical indications of thrombolysis, 
the T1 relaxation time pre-treatment could be used as a predictor of the outcome that could be 
extended not just to recovery of venous flow after thrombolytic treatment, but also include the 
rate of re-thrombosis and the rate of PTS post treatment. 
The use of EP-2104R in patients is currently not possible. At this time a successful Phase II 
studied has been finished (58) and a Phase III studied is needed in order to obtain the 
authorization to use this contrast in humans. However using the mice model of DVT it is still 
possible to improve our results. In our study we have used a constant dose of thrombolytic 
drugs expressed in mg per kg of mice. However, with the accurate estimation of the thrombus 
fibrin content, it may allow estimation of a “subject specific” thrombolytic dose in mg per mm3 of 
thrombus’ fibrin content. Such subject-specific treatment could further improve the chance of 
successful thrombolysis, and reduce the potentially fatal side effects of an unnecessarily high 
dose of thrombolytic agent. Such a study could further improve our methodology and identify 
new clinical applications for the use of a fibrin contrast agent. 
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